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Mineralogical and Chemical Studies 
o! the Putnam Silt Loam Soil 
E. P. WHITESIDE and C. E. MARsHALL 
I NTRODUCTION 
The investigation of-soil-forming processes in Missouri must take 
into "account the widespread occurrence of soils having a heavy im-
pervious claypan. Of these, the Putnam soil is outstanding for the 
extreme development of this feature of the profile. In the work 
here presented an attempt has been made to learn more of the soil-
forming processes through a study of the natur e and amount of the 
clay found at different depths and by comparison with a similar 
soil in Illinois. In carrying out this program it was necessary to 
devise a new quantitative procedure for the subdivision of clays 
according to particle size. T he f ractions obtained were then care-
fully characterized by miner alogical and chemical met hods. The 
information obtained has been used to throw light on the nature 
of the clay as well as on t he processes of soil formation. 
The work thus falls naturally into four parts as follows: Part I 
is a review of the literature; Part II contains the fiel d observatioDs 
and chemical studies of the two soil profiles; Part III deals with 
the new method of fractionation of the clays and with its application 
to the materials obtained from the profiles; Part IV gives detailed 
physical aDd chemical observations on the fractionated clays. 
Part I 
REVIEW OF THE LITERATURE 
A. Liter ature of field in vestig ations of Putnam silt loam. 
Marbut{36) describes the Putnam soil series in the United States 
as having a dark brown surface, six to eight inches thick, pre.-
dominantly silty in texture, having a faintly granular str ucture, 
and splitting into horhontal plates. The surface is underlain by a 
grayish silty layer and this in turn by a tough plastic and intractable 
clay which varies in color and breaks readily into angular and 
blocky particles usually coated with a dark material. These soils he 
believed to be developed from old leached glacial drift. He classified 
the P utnam series with the Prairie soils, not having normal profiles, 
in the Pedalfer group, because their properties and associations in-
dicated they had been developed under a grass vegetation, on fiat 
relief where drainage had been impeJ::fect. They did not have a 
zone of lime carbonate accumulation in any horizon of the profile. 
They are shown by him t o occur in western Ill inors and northeastern 
Missouri. 
4 MISSOUlU AGRICULTURAL EXPERIMENT STATION 
Baldwin, Kellogg and Thorp(67) in a later publication have re-
arranged the soil classification of the United States. They char-
aeterize a Planosal great eoil group having eluviated surface horizons 
under Jain by B horizons more strongly iIluviated, cemented, or com· 
pacted than associated normal soils, developed upon nearly flat 
upland surface, under grass or foreat vegetation, in a humid or 
aubhumid climate. This great soil IrfOUP they placed in an intra-
zonal soil order whose distinguishing characteristies are due to the 
dominating influence of some local factor of parent material or 
relief. Since relief and drainage were believed to be the dominating 
formation factor of the planosals they were classified under the 
hydromorphic suborder of the intrazonal order. 
The Soil Survey Division of the Bureau of Chemistry and Soils (67) 
placed the P utnam soil series in th at Planoaol group and described 
it as being' derived from silty parent material, presumably loess, 
with a tall grass vegetation, on flat upland areas in a humid climate 
with hot summer s, and moderate to cold winters. 
Miller and Krusekopf(46) describe Putnam silt loam in Misaouri 
as occurr ing on level prair ie land in northeaster n Missouri, having 
a silty surface soU normaUy consisting of sixty to seventy per cent 
silt, eight to twelve inches deep, lighl..g'ray to dark gray when dry 
and dark brown to almost black when wet. The subsurface was 
six to nine inches thick and composed of a gray to very lig'ht g'ray 
s il t loam containing' numerous small hydq,ted iron oxide concretions. 
This horizon was sharply differentiated f r om the grayish br own to 
dark brown impervious uncemented clay horizons at sixteen to 
twenty inches from the surface. The lime requirement of the sur-
face and subsoil they report as 2,300 and 8,850 pounds, respectively, 
per 2,000,000 pounds of soil. The soil material they indicate was 
pr obably largely loesslal In or igin. 
Wascher et a1.(63) picture thi s soil type in Ill inois as having a 
br ownish-gray f riable silt loam surface six to seven inches tbick and 
a gray to light gray asby subsurface. Both horizons contained hard, 
r ounded, black, ir on and manganese pellets throughout. The sub-
soil began at seventeen to twenty-one inches and was a very compact, 
dark colored, plastic clay, mottled with pale yellow. T his graded 
into mater ial pale yellowish in color and less compact below thl r ty-
four to tbirty-eight inches. This soil occurred ' on nearly level 
topotraphy, under grass vegetation, and developed in from fifty 
to sixty-five inch es of loeu over leached Ill inoian till. It is asso-
ciated with slick spots in the field. A footnote states t hat the name 
Putnam has been chanted to Cowden." 
In obtaining loess depth measuremenh in Illinoi-s, Smith(58) , 
had difficu lty in shallow loess and poorly drained areas. In the 
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shallow loess areas the small annual incrementa of silt apparently 
permitted mixing witb tbe underlyini Illinoian till soil by frost or 
animal action. Crayfish appeared to have been particularly ac-
tive in mixing the two deposits in the poorly drained areas. Tbe 
existence of the loessial deposit In the area of the state where 
Cowden sil t loam occurs is thoroughly established by the data 
presented. 
B. Literature on laboratory s tudies of Putnam and simila r soil types. 
Bray (8, 12, 11 ) has publi shed mechanical and chemical analyses 
for three clay fractions from parts of five poorly drained pr ofiles 
of grassland soils in Illinois. Tbese soils were developed from 
varying depths of Peorian loess of Wisconsin age. Tbey had been 
described by Norton, et a1.(50) as a maturity series, stage one being 
~e least, and five the most developed. Putnam silt loam WIl! de-
scribed as the fourth member of this series and only analyses of 
clay from the surface soil were given (8). However, it is stated to 
be lntennediate in properties between stsies thr ee and five which 
are reported in more detail. Examination of the colloid fractions 
petrographically and with X-rays is also claimed but no details are 
given. The chief clay minerals reported are illite and 'beidellite. 
He (12) presented some indirect evidence Indicating that individual 
clsy particles might be mixtures of beidellite and illite clay minerals. 
Smith(58) has attempted to determine the variables most cloaely 
correlated with the differences noted in this series of soils. He con-
cluded that the differences noted 'are to be attr ibuted 1argely to the 
var iation in aa-e of the loess deposit from which the solum waa de-
veloped and a possible influence of the substratum through mixing 
with the aurficial loess by animals or return of bases or other nu-
trient elements to the surface by the vegetation. 
In an earlier publication the same author(57) presented partial 
mechanical analyses, organic carbon, replaceable base, and calcium 
carbonate equivalent data for profiles of P utnam silt loam in Illinois 
and the associated slick spots. 
Bradfield(5) investigated the chemical nature of colloidal clay 
from the B horizon of the Putn am !!ilt loam in Missouri and com-
par ed its properties with mixture!! of synthetic colloidal oxides. The 
diuimi larity of the two material!! wu striking and he concluded the 
clay was largely a complex alumino-silicate. He presents chemical 
analy!!e!! of two clay f ractions from tbe !!oil aample. 
Manhall (88) reported mineralogical studies of some of the fra c-
tion!! of Putnam clay prepared by Bradfield. He found these fra c-
tions showed a high electrical double refraction that varied with the 
exchangeable cation. The double refraction was much lower for 
Li, Na, K, and NH. saturated than fo r Ca, Mg, Ba, Sr, and H sat-
urated samples at 500 volts per centimeter. This latter. group ' 
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showed evidence of oriented coagulation in the ultramicroscope. 
The author concluded that these clay fractions were composed of 
predominately crystalline particles and that the exchangeable cations 
occupied definite positions in the crystal lattice. This 8uthor (89) 
later fractionated a sample of Putnam clay, also from Missouri, and 
made a detailed examination of th ese f ractions with base exchange 
capacity, density, index of refraction and electrical double refrac-
tion measurements. F rom these expedments he eoncluded that the 
two to one-half micron fracti on wa s predominately a mineral whose 
properties were intermediate between felspars and beidellite. The 
one-half to one-fifth micron fraction still contained an appreciable 
quantity of this mineral with beidellite and the finer fractions con-
sisted entirely of beidellite. At a still later date this writer(40) 
f ound the crystalline character of the finer fraction of this clay, 
less than one-tenth micron equivalent diameter, was largely de-
str oyed by grinding f or: a week in a ball mill. 
It has been sbown by ultramicroscopic (42) and electron micro-
scope(48) studies that fine fractions of Putnam clay prepared in 
the present study are composed of thin plate like particles. A one-
tenth to one-twentieth micron f raction showed dimensions in the 
plane of the plates of about four-tenths of a micron and were about 
fifteen one-thousandths of a micron thick. In a fraction less than 
one-fiftieth micron equivalent diameter the largest particles were 
about twenty-five one-thousandth of a micron by about five one-
thousandth of a micron thick. 
T he decision to change the name of Ill inois P utnam to Cowden, 
after the present study was begun, was made on t he basis of field 
observations and laboratory studies of selected profiles from the 
two areas by the Missouri and Ill inois state soil surveys in coopera-
tion with the United States Bureau of Chemistry and soils. These 
data were available to the investigators for comparison with those 
reported here. 
C. Literature on techniques for study of clays. 
Clay materials are now generally recognized as consisting essen-
tially of crystalline particles of hydrous alumino silicates, variable 
amounts of quartz, hydrated iron and a1 uminum oxides, and organic 
material. Grim (23) has recently published an extensive review of 
these concepts of clay materials. 
The desirability of f ractionating clays to assist in their study is 
also generally recognized by workers in this field (39, 10). Several 
satisfactory methods for estimating the amounts of the various size 
fractions have been formulated using the tube centrifuge with one 
(61) or two (37) liquid layers. The single layer method for use 
with the sharples super centrifuge (5) speeds up the sedimentation 
considerably but· like the single layer tube centrifuge method is 
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still quite laborious for preparation of si1e fractions. Hauser and 
Reed (27) have devised a somewhat le88 labodous procedure with the 
sharples centrifuge. 
There is quite voluminous literature on different phases of minera-
logical studies and properties of clay materials. This literatur e will 
be referred to in t he section entitleo "Studies of Clay Fractions", 
Hendricks and Alexander (29), Nagelschmidt(48) , Marshall (88, 39) , 
Grim (22) and Grim and Rowland(24) have presented summaries of 
the methods and data tor the different minerals and t hese wer e 
found most helpful ' in this investigation. 
D. Limitations of previous studies. 
The field descriptions r eview indicates a very decided similarity 
of the Putnam and Cowden soils when described by different in-
dividuals. Such discrepancies as exist are partly due to lack of a 
well standardi~ed terminology or to variable conditions of obser-
vation. For example, textures have not been r igidly defined of 
late years and until recently no standard color terminoioD was 
available to soil scientists. T he color as stated by the Missouri 
workers(46) depends a great deal on the moisture content. Differences 
of surface color noted by different workers fall within the range 
of colors described by them for differ ent moisture conditions. Of 
the five chief soil forming factors summarized by J enny (30) the 
above authors are agreed in a general way on the similar ity of 
vegetation, topograpby and climate under which Putnam and Cowden 
soils have developed. As to the parent materials and age no such 
agreement is apparent. The geologic origin of t he parent materia19 
are described as being glacial drift, mi:x:ed glacial drift and loess, 
or loees. The age of the loees is described aa Peorian, or Sangamon 
and the drift as Ill inoin in Cowden silt loam, with a variation of 
age within the loes! recognized. The P utnam ailt loam was de-
veloped over Kansan dr ift and the loess Is dated only as post Kansan. 
If mixing of the parent mater ials occurred, then some measure of 
the amount of such disturbance would throw some light on the 
discrepancy. The poesible differences in age will require well cor-
related field work ~o r esolve. 
Par t II 
SOIL PROFILES STUDlED 
A. (kographi c Dis tribution. 
The general geographic distribution of the Putnam and Cowden 
soil series (46, 60) is shown in F igure 1. The climate throughout 
the area where these soils occur is remarkably uniform. Linea of 
equal mean annual precipitation and temperatur e are paral!el and 
run almost due east and west in this region. The mean annual pre-
8 MISSOUR[ AGRICULTURAL EXPEItUU::NT STATION 
cipitation ia about thirty-live to forty-inches, the mean annual tem-
peratures ten to fourteen degrees centigrade and the N. S. Quotient 
SOO to 350 (30) . The tweh'e degree centigrade isotherm is .lso 
shown in F igure 1, as are the sampling sitea of soil profiles on which 
laboratory data are now available.·· 
Fa. 1.~nI"b!c DI,trlbutloft of Put",..", Stlt x-... I .. _lOUr!. ~ Slit 1.oo.m 
io. lUl .... Jo. ond Soil Sa"'I>ltnl' '!\eo. 
(,,) Sam.pll~. ott.. 01. .oll proI\l. """ In ~!. '~7. 
II: 51 .. 10 .... b id>. .... ""bllohod d.o.ta ....... nllal>l.. Numbort In'lleuo ~ do)~ .t 
tho ...... "Ua., .!teo. 
• - ·12 ' 0. ..... ual IooI:loenoo.. 
The site. of profiles sampled for this investigation were revisited 
later and volume weight samples and monoliths were obtained. A 
aample of the weathered Ill inoian glacial till immediately below the 
, 
• 
• 
, 
I 
Illinois profile was also proeured at that time. ../ 
··The eowd, .. ,lit loa ... 1:lt'01!.l~ ""' tak.~ I~ loIontc«n'17 Count:!'. mlnola. "" tb. 5'1'1'"," 
01 tM 5 '1'1'",". of lb. liE",". of Section 2. T 10 N. IU W. 
n.o P"tD.m .11. I""", ~t'Ol!I ..... from _ ...u.!I> _'" of th!o _ In C_u.. ... -.;, Co<tDt:!'. 
llluwrl, In Ib, NT_DeF; of tho 5E%. of tht 5W* .ot SMtioll U. T ~a N. RlO W. 
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B. Detailed Properties of the Soil Profiles. 
The sop samples were air dried and crushed lightly to pass through 
a two millimeter sieve. Mechanieal analyses, total carbon, base 
exchange capacity, and total exchangeable bases were determined on 
the samples. The results of these analyses were then compared with 
corresponding published and unpublished data on these soils. 
1. Mechanical analyses and descriptions.-Mechanical separa· 
ti'ons were made by sieves for particles greater than fifty microns in 
diameter and by pipette method (3) fo r finer sizes. For the latter. 
determinations temperature of the suspensions was maintained at 
thirty degrees centigrade, plus or minus one-tenth of a degree. Dis-
persion of the samples was attained by treating twenty grams of 
soil twice with about sixty milliliters of siJ( per cent hydrogen 
peroxide and digesting on a hot plate. This oxidation of organic 
materials was followed by leaching with one-tenth normal hydroch-
loric acid and washing with distilled water. After being trans-
ferred to shake bottles, titrated with one-tenth normal sodium 
hydroxide to a pH of about nine and one·half, using phenolphthalin as 
an enernal indieator, and agitated in" a reciprocating shaker for 
twelve hours they were ie-tit rated with sodium hydroxide, and made 
up to a known volume for mechanical analyses. 
Results of these mechanical analyses with the color and texture 
of lhe samples are given in Tables I and II. Both profiles show a 
great deal higher clay content in the subsoil than either above or 
below. This zone of high clay content oceurs between fifteen and 
forty inches below the surface of each soil. The maximum clay 
content of the Putnam silt loam subsoil is much greater than for 
TABLE I. YECI!A1IICAl. ANALYSESI AND DEliCliIPTIOliS OF PU"nfAM SILT LOAM 
Col"': lDI! Tnt".... Vol.3 
~. 
V.P.! ... I.U .n .. ., U., 10.1 .., 10.1 • • • ••• V.P.3 8-10 '.00 .,. 1.02 25.4 10.4 .. , 21.7 • • • • • • I.U 
V.P.4 10_14 , .• 
." 
1.18 24.4 lo.g , .. 16.1 !t.,.B. " oUt loa ... 1.28 
V.P.5 H-I! l.I3 ... 1.lft 18.0 10.1 ••• n.1 "'k.O., ~Uty el>.r I.U V.P.6 18·22 •• ... ... 15.0 
,. , .. 57.7 It.r.Br. to wl<.O.,ola, 1.35 
V.P.7 U·2! ... . n ... 17.0 ... • •• 51.1 1t.1 .Br., olay 1.4~ V.P.I 28·30 ... .n 
." 20.0 10.4 U 41.4 It.,.51"., oUty cia, 1.58 V.P.g 30·34 ... 
." 1.05 ~1.3 Il.J , . 17.0 y.pl .Br., . !ll, ola, 1.5g ,-
V.P.10 34·38 .n ... 
'" 
2M lZ.1 U 30.3 · · • • • · I." 
V.P . ll 38·42 ... ... 1.41 21.2 11 .J .., •. , • • · • • · 1.S2 
V.P.U 42 ... & ... . n .... 22.5 12.1 U IU • • • • • • 1.41 
V.P. lS U-52 ... ... UI U .• 12.-1 
'" 
2U Y.pl.Br.,.lIt loam .... 
V.P.li 51-" .n .n 4.01 24.5 10.$ ••• • •• wIr..,.O .• Silt 100'" 1.62 V.P.15 58-et ... ... 4.10 21.5 10.2 ••• 24.1 wl<.y.O., .Ut 100'" 1.68 A ... r>g< lor '!>Pt' 40', cal<:Ulat<d IT .4 1.33 
• o...n 4I"J baSI • . , Col.". ot &.I . dded a>.mplu n2t 
, (lbta1Ded IrOlll '""PM 01 n.l\!e' fI~u In T>.ble ~. 
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14(1'18 8-12 1.111 1.51 2.U 2'" 14.0 ••• 18.2 1.30 
1~lm 12-15 3.13 1.$1 , .• 21.0 n. t ... 11.1 •. pLBr"llIIlot. .. \ ,4' 
1407' 18-22 LH .R , .• 21.11 10.0 U 40.' It.y. Br .• lut, cia, 1.52 
1401. 1240 ... •• 1.22 Il.a 10.1 
.., n .T lC.,. Bl'., IlLl1 cl.&, 1.41 
14010 311-40 ... ... 1.2t IU U.1 .., n.1 It.,.Br., IU.,. d .. , 1.50 
'Rm 
14(111 t o· 4f L~ ... 1.10 27 •• 
'" 
••• 
n .• ILy. Br., Slltyclly 1.$2 
'.m 
" 
•• pl.8r ., lUI 1010'" ••• .., 
'.m 
Cowden sil t loam. It will be noted that this horiZ'On of these soils 
fall into different textural classes, a fact that did not appear in the 
soil descripti ons reviewed.· Some of this difference might be /;iue 
to the broader sampling :tones in the Cowden profile but a calcu-
lation of the total clay in the upper forty inches of each profile 
shows the Putnam to contain an average of 87.6 per cent clay and 
the Cowden only 82.4 per cent. The higher clay content of the 
Putnam aoil is apparent in all profilea of the type for which analyaes 
are available. Mecnanical analyses of five other Putnam pr oftles and 
two additional Cowden proftles were at the disposal of the investi· 
gatora. 
Mi%inu of loess and tiU deposits.-The gumbo till underlying the 
Cowden silt loam showed s much greater content of aand and less 
silt than the soil proftie above it. Examination of these sand frac· 
tiona showed the presence of no iron· manganese concretions although 
they wer e abundant throughout much of the overlying soil. The 
sand fractions in the soil all showed a considerable amount of prl· 
mary mineral grains chiefly quartz and chert. Loess deposits known 
to contain no primary mineral sand grains have been deposited upon 
the glacial till of this area and it has been concluded from fie ld 
evidence that some mixina- of these two deposits has occurred (58). 
The above observations seem to confirm t he mixing of these sedi-
mentary materials. No exact calculation of the amounts of mixing 
for different horizons can be made, since soil-forming processes 
would strongly inftuence the result. Using the concretion·free 
sand fractions 2..().5 mm. and 0.5..().25 mm. as the criterion, it would 
appear that mixing is less than one per cent in the 40-49 inch layer, 
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increases to a maximum in the 12-16 inch layer and decreases again 
in the surface 12 inches. This is a very peculiar distribution of 
material and at present it remains unexplained. 
The Putnam soil shows no appreciable mixing from the surfac.e 
down to 42 inches, then a rapid increase to a depth of 52 inches where 
the gumbo till H! dominant. When this profile was revisited to make 
the volume weight determinations a rather distinct break in the 
color and texture of this profile was noted at about forty-nine inches 
below the soil surface. This color difference was checked with a 
General Electric Recording Spectrophotometer and percentage re-
flectance of the different visible wavelengths of light by samples 
from above (V.P. 12) and below (V.P. 14) this boundary; relative 
to standard magnesium oxide blocks, were obtained. Evaluation 
of these curves and conversion to Munsell notation, according to 
directions graciously supplied by Miss Dorothy Nickerson{49), 
showed sample V.P. 12 t o be very pale brown, while V.P. 14 is a 
weak yellowish orange, according to the color name charts of Judd 
and l(eUey{31) . It may be that the latter color and name should 
be added to the soil color charts since it has also come to our 
attention in other soils. 
TABLE m. VOLlJ},{E WEIGHTS AND FIELD MOISTURE CONTENTS OF PUTNAM 
AND COWDEN SILT LOAM (oven dry b""ls ) 
12.5 3l.4 1.56 17.4 . ., Slight 
11.1 32.4 1.63 16.9 1.20 N~. 
. 11.2 33.7 1.55 15.8 1.11 , .. N~ 
4.75 L" 10.4 '35.2 1.53 16.4 1.28 •• V. sHght 
7.35 1.19 10.4 36.5 L~ lS.S l.29 
'" 
NODe 
8.25 1.18 10.4 37.4 1.56 16.0 1.41 
'" 
N~ 
8.85 1.10 
••• 
H .2 1.52 17.2 . 1.45 , .  Noo • 
. 11.2 1.21 10.8 40.2 1:50 16.8 1.50 10.0 N~. 
12.0 1.27 10.7 41.2 1.53 U.S US 16.2 V. sHght 
12.7 1.29 12.0 43.1 1.44 17.0 1.50 U .• Sl ight 
15.2 1.17 15.9 44 .0 1.51 18.5 1.46 26.8 Canslder .. ble 
16.0 1.26 U.S 45.1 1.45 16.2 1.41 27.9 COO'>sldenllle 
16.7 1.22 18.1 47.7 1.52 15.1 1.46 21.6 Consldera.ble . 
1 i.2 1.27 25.7 49.0 1.54 13.! 1.51 2S.! CDllSldera.ble 
20.6 1.38 24.8 51.0 1.77 11.0 1.50 ,.. , 
21.1 1,38 24.8 53.S 1.56 11.8 1.53 25.1 
23 . ~ l.43 ~3.2 SS.6 1.60 10.4 1.49 28.9 
24.2 1.32 23 .6 S7.4 1.71 10.0 1.54 25.3 
25.5 1.56 21.S 60.0 1.72 ••• 1.52 25.1 27.2 1.51 18.7 61.5 1.62 10.S 1.56 24.1 
28.5 1.60 18.3 63 .0 1.69 10.1 l,49 26.1 
solI. 
Graham (41) in studying th, mineralogical composition of tho 
sand fractions of a Putnam silt .loam profile, from Randolph County, 
Missouri, had previously noted a change in relative f requency and' 
, 
I , 
I 
I 
I 
" 
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varieties of minerals occurring between samples from above foriy-
eight inches and below this depth. Studies of mechanical analyses 
made of that profile previously by Smith(59) show an increase of 
coarse material at this point similar to that noted above. These ob-
,servations with the noted existence of this soil in a region of loessial 
depos its ov.erlYing glacial drift (46) lead to the conclusion that the 
upper and lower parts of these profiles probably correspond to these 
respective types of deposits. 
2. Volume weigh1.-Determination of volume weights were m4de 
by forcing cylindrical metal camdnto a smooth vertical face of tbe 
profile . . These cans were then dug out and the soil was shaved off 
level with the top. They were then coverep, taken to the laboratory, 
weighed, dried to constant weight at llQ "C, and weiiihed again. 
The volumes of the cans were detennined after removal of the soil 
and calculations were made on the basis of 'the oven dry weight of 
loii. Volume weights, field moisture contents, and shrinkage noted 
on oven drying the Cowden silt loam profiles are recorded in Table 
IV. Calculations of the volume Weights of the individual soil sam· 
pIes and the total upper forty inches of each profl.le are given in 
Tables I and II. 
TABLE IV. CHEMICAL DATA FOR PUTNAM AND COWllEN SIt.1 1,.0.1.).1 PROnLE5 
" .. • • 
". 
, 
'". 
,. 
. 
10_14 
." 11.' U ,. "., 14·11 
." 2M n.l .'_1.0 4' .2 11·23 •• 40.1 "., 1.1·2.2 57.4 22- 26 
." 
ST.2 n.' \.7-202 6U 
26_'0 
. " n.9 21.' . 1.7_U 6H 30_34 .n 30.& n. ' 1.7_1.2 73.1 .. , 
34_38 
.n n.7 " .  1.7_2.2 60.5 38-42 
." 2U 24.1 1.0_1.7 80.; 42 -46 .n 21.3 22.1 1.0_1.7 8302 I 4&_51 .U 20.5 iU 1.0-1.7 82.0 I 52_51 .12 . 14.5 IU 1.0_1.7 83.1 
58 -64 .n 13.f 12.4 .5_1.0 8U , 
~ • Data 01 R. II . Br oy lDII H I ""lot .. , IIlIlnrsh, ~ nU",,! • . 
Elr:amination of these 'results show a lower volume weight of the 
upper twenty-two inches of the Putnam silt loan t han the same zone 
of the Cowden silt loam. This difference is associated with a higher 
oriianic content in this part of the ptofile.. Both profiles show an 
increase in volume weight with distance beneath the surface and 
decreasing carbon content. Below twenty-two inches the volume 
weight remains fairly constant. The Putnam ailt loam shows a 
greater volume weight when the underlying till is reached. Cowden 
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silt loam showed a .lightly lower volume weight in the twenty-two 
to forty inch layer, associated with a higher moisture content. Con-
siderable shrinkage of the samples was noted on drying in the labora-
tory, Woodruff haa sbown that at least a portion of such shrinkage 
in the field takes place in the vertical direction (66). It is likely 
that if these determinations were made at a lower moisture content 
the density of the layer would be somewhat higher. 
S. Chemical studies.-Total carbon (65), baS8 exchange capacity 
(61) , and total exchanruble base(7) eontents of the soil I!&mpiea 
were determined according to the methods de!lcribed in the refsl'-
enees cited. A semiquantitative estimate of exchangeable sodium 
content(S) is also included with the above analyses in Table IV. 
In the aodium deternrlnations five grams of ail' dry soil were mixed 
with ten milliliters of ammonium chloride (100 graIllll in 500 milli-
liters) , let stand about thirty minutes and ftltered. Five-tentha milli-
liters of the ftltrate were tested with five milliliters of the uranyl 
zinc acetate solution. These tests were read by comparinl the 
turbidity with standards made up with sodium hydroxide after 
standing overnight . . 
Table IV shows the Putnam profile to have a higher carbon con-
tent in the upper ftfteen Inches than the Cowden ailt loam. Com-
parison with analyses for two other Putnam and one other Cowden 
prodJe (57) indicates that this ia not a consistent difference between 
these soil aeries. All available analyses, however, show a higher 
content of total carbon in the subsoil of the Putnam than the Cowden 
sllt loam, Interpretation of the elight increaae of carbon at the 
top of the B horizon when compared to the lower A horizons of the 
same pro/He is 88sisted by the fteld ob8ervatlons of. the dark colored 
coatinl on the structure particles in this part of the profile, and 
a tendency Of plant roots to concentrate at the surface of the B 
horizon rather than penetrate this fine textured layer. In other 
words, part of this organic matter hIB probably been translocated 
to this part of the proftle and part has been formed in place, 
The Cowden silt loam shows less base exchanle capacity'"than the 
P utnam thoughout the proftle as might be expected f rom the Mlher 
clay and total carbon content of the latter. Below the surface fifteen 
Inches this Is probably a consistent difference between these soils, 
since the clay and total carbon content seem to be characteristically 
hilher in this portion of the profiles of Putnam alit loam. 
The percentage bsse saturation figurea in Table IV Indicate that 
Putnam silt loam Is more deficient in exchangeable bases than 
Cowden silt loam. but, analyses of the Jatter published by Smith (57) 
show leu baae saturation of a profile of this soil type than the tI.,ures 
given above for Putnam. The exchangeable sodium contents of the 
two profiles are very slmllar and the Cowden is apparently In better 
agreement with published fiiures for that type than with the data for 
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the associated "slick spot" soil. The base saturation of the Cowden 
profile is more nearly like that of the "slick spot", 
Organic carbon, base exchange capacity, total exchangeable bases 
and per cent saturation of surface soil horizons are soil properties 
considerably influenced by cultivation and soil management prat· 
tices(64). They are thereiore of doubtful value as criteria for 
soil classification unless these disturbing factors are carefully con· 
trolled. 
C. Discussion and Summary 
The above data help to characterize the soil profiles being in· 
vestigated. These profiles appear to be fairly representative of the 
Putnam and Cowden soils when compared with field descriptions 
and available published and unpublished laboratory studies. The 
chief difference between the soils is the higher clay content of the 
Putnam silt loam, particularly in the clay pan horizon, and a higher 
carbon content in this part of the profile. These properties are 
associated with a higher base 'exchange capacity of the Putnam 
proiile below fifteen inches. 
An examination of soil formation factors for the most likely ex-
planation of these differences between the types indicates that 
both soils have been developed under similar vegetation and climate, 
on similar topography. Ages of the two soils are not well known. 
The published analyses of the soil older than Cowden in Illinois, the 
Cisne silt loam(57, 12), show no greater amounts of clay in the 
profile, therefore, the remaining soil formflf;ion factor, parent 
material, seems to offer the most likely key tv La situation. Soil 
parent materials have seldom, if ever, been adequately defined. 
As Jenny has pointed out (30, p. 56) such an evaluation of parent 
material will have to include chemical composition, mineralogical 
conatitution, texture and structure of the soil material. The second 
property has been most frequently ignored. 
An attempt to test this suggestion that parent material may be 
the chief factor responsible for the difference in clay content of 
Putnam and Cowden silt loam unearthed the following data in the 
literature, Vanderford and Albrecht(62) presented mechanical 
analyses of seven deep loess samples from the bluffs along the 
Missouri and MissiSSippi river s. Three samples taken along the 
Missouri River and one collected west of the Mississippi River they 
found contained 15.79, 17,29, 23.22 and 18.40 per cent of less than 
two micron clay, while three samples taken east of the MissiSSippi 
contained only 10.63, 5.00, and 5.00 per cent of thie same siz'e frac-
• 
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tion. Shrader(56) reported clay contents of three deep loess samples 
in St. Charles County, Missouri , as 20.89, 22.09, 19.1S per cent. 
Marshall and Haseman(t5) recorded 27.2 per cent clay in what they 
chose as the parent material of a Grundy profl.l e about twenty miles 
west of the Putnam profile used in the present study. The loess 
depth here was about six feet. Location of this profile is sbown as 
G in F igure 1. Value! found by Smiih (58) in Illinois near the 
Illinois and Mississippi rivers were 7.5 per cent less than one 
micron and 6.5.per cent of less than five micron clay respectively. 
It appears from these figures t hat the loess from which the Cowden 
profile was developed contained less clay originally t han t he Putnam 
silt loam. Values for tbe f ormer ()btained by extrapolation of 
Smith's data, and correcting for Ii.me content, indicate about 17 per 
cent clay in the loess from whi ch t his profile developed wbile the 
value found by Marshall and Haseman is probably lower than that 
of the loess from which the P utnam developed. This difference in 
clay content, 10 per cent , is greater than that found in the upper 
forty inches of the two soil profiles, namely, 5.1 per cent. It must 
be remembered, however, that tbe parent materia l figures are on1y 
approximations and detailed mineralogical data are needed to help 
complete the picture. Comparison of t he estimated clay content of 
the parent! material with the average clay content of the profiles 
shows that considerable clay bas been formed in the course of soil 
development. 
Another ver y important question was r aised by the high concen-
tration of clay in the subsoils of Putnsm and Cowden silt loam. 
The uniformity of parent material has been established by Mar-
shall and Haseman (45 ) for a Grundy soil, aho derived from Mis-
souri loess. Smith (58) working in the region of the Cowden profile 
also showed that a considerable degree of uniformity exjs~s in the 
parent loess. We may ther efor e conclude that the heavy subsoil is 
the result of two processes of soil f ormation and development, the 
f ormation of clay by weathering of primary minerals and the trans-
location downwards both of the clay origi nally in the parent ma-
terial and of that subsequently formed. In this present study it is 
'not possible to give. exact quantitative expression to tbese processes, 
but it can be seen by comparison with t he results of Marsball and 
Haseman for the Grundy soil that similar f actors are involved, the 
difference being of intensity rather than of kind. 
The small amount of exchangeable sodium in the B horizons of 
these soils may be rather important in determining the properties 
of t his layer. Marshall (44 ) has found sodium to be thr ee to n ine 
times as highly dissoci ated as calcium in a Putnam clay suspension. 
The greater relative dissociation was found in the lower pH ranle 
at which the subsoil usually . occurs in the field. The evaluation of 
this f actor In plant nutrition and physical properties of the soil 
awaits further experimentation. 
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Part ill 
CLAY F RACTIONATION 
The high angular velocity of the Sharples supercentrifuge and its 
availability in most soils laboratories m-akes it admirably suited for 
the separation of clays into size fractions. In view of the ease with 
which the two layer method(37) lends itself to exact quantitative 
determinations, and to preparation of size fractions with single 
trea.tments, it was decided to investigate the possibility of its use 
in the supercentrifuge. 
A. Adapta tion of the Two Layer Method to the Sharples Centrifuge. 
For this purpose the machine was adapted for discontinuous or 
batch operation. The hydrodynamic conditions which obtain in 
this machine are so different from those in the tube centrifuge, that 
very rigorous preliminary tests as to its suitability must be made. 
It has previously been shown(37) that the average time taken by 
spher ical particles of radius r and density D to pass from the clay 
layer to the wall of the centrifuge is given by 
1 v, log ~/ x, vt log ~/x, 
t=¥.! t, +ta ,---- + -'----"---' 
3.81 r~Nt 2 (D-d,) D--d3 
where t, and t, are the t imes taken to traverse the upper and lower 
layers respectively, these having viscosities v, and v:. and densi~ 
ties d, and d2 respectively. The distance f rom the axis of the ro-
tation to the top of the upper layer is X" to the boundary X., and to 
the wall of the centrifuge Xl' The centrifuge runs at N revolutions 
per second. 
The viscosities will vary considerably with temperature and the 
densit ies vary from one clay to anot her. Water flowing through 
fiexible metal tubing wound around the casing of the centrifUge 
bowl gives good temperature control. . 
The presence of s clay suspension layer of finite thickness, (X,~x.) , 
introduces some overlapping in the sense that the sediment contains 
some particles a little smaller than the chosen limit indicates and 
the supernatant liquid some particles a little larger. The extent of 
this overlapping can easily be calculated and it can be made as 
small as we please by diminishing %tl in proportion to t~ . For 
highly accurate results 1,4t1 should not exceed one-tenth of t~. 
Preliminary experiments were first carried out with the assistance 
of C. Stanberry to determine the extent of mixing of the layers. A 
measured volume of one to fou r glycerol water mixture containing 
methylene blue was run into the rotating bowl to serve as the denser 
layer. Then water was run through and measured volumes of the 
effluent were compared colorimetorically with equal volumes of 
wster titrated to the same color with a portion of the denser liquid. 
The amount of mixing by volume was thus directly determined. It 
was found to be· surpr isingly small. As might be expected, it in~ 
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TABLE V. FRACTIONATION OF (2 ~ Na -CLAY BY VAltlENTS OF THE TWO LAYER METHOD 
IN THE SlI.ARPW;S SUPERCENTRIFUGE 
• 
put .... m 14-18- (1939) 
• 
• 
Put .... m B (U30) 
• 
Putnam B (19301 
• 
Putnam B (1930) 
• 
• 
• 
Putnam B (1930) 
• 
• 
Pub)ll.m H-18 (939) 
• 
Putnam B (1930) 
• 
PutIlam 14-18- C1939) 
• 
• 
1:2 
• 
• 
1:2 
• 
1:( 
• 
1:2 
1:( 
1:2 
1:( 
1:2 
1 :1 
1:2 
1:2 
1:2 
• 
1:2 
• 
• 
" • 
• 
• • 
• • 
" • 
• 
• 
" 
" ..
" 
" ..
• 
• 
• 
• 
• • 
, 
, 
, 
, 
• 
• , 
• 
• 
• 
• 
, 
• 
• 
• 
,.~ 
• 
• 
0.895 
• 
0.3&3 
• 
0.895 
• 
• 
• 
0.125 
• 
0.99 
• 
0.3&3 
0.895 
0.2t7 
0. ( 95 
0_7tl 
20,000 
• 
15,~00 
14,500 
' 30,000 
• 
15,500 
1&,000 
15,500 
2&,000 
26,000 
• 
18,000 
20,000 
• 
20,000 
15,500 
20,000 
• 
• 
100 mp: 
• 
• 
I~ ... p: 
. 
~O m~: 
• 
100 mp: 
50 ml" 
• 
. 
100 m~' 
• 
100 mu: 
• 
100 m)l: 
• 
TABU; VI. COMPAAISON OF RESULTS BY DIFFElU:NT METHODS " 
Cation"" Cia]' 1.1 Na K 1.1 1.1 1.1 
Cenu1fup TCI TCI TCI TCI TC2 TCI 
Da~ 1930 U30 1930 1936 1930 193 
Method T.t.. T .L. T.t.. T.t.. T.t.. P . 
2 ~-500 mil i f .8 14.4 15.& 19.2 20.3 18.6 
500-200 mil n.o 11.8 12.1 10.6 13.4 10.0 
200-100 mil 1403 11.e is.. ll.l. H.8 10.5 
1,00- 50 mjl .w..2.U.. 2.l.1. 58 .1 lA..l 19.0 
50- 20 mp 45.1 ( 0.9 3U 35.S 21.S 
20_10mp 9.5 
90 mil 10.6 
~l 
T.t.. 
3( .4 
1.W. 
55.5 
K 
'Cj ' 
'" T.t.. 
35.0 
ll.i 
W •• 
• A bat "ver the figures 1ndlcot •• tlIat adjacent WU'ep<>rted Iracti<>u ..... Inol_. 
1~9 
T.L. 
25. ' 
14.1 
18.3 
2(.0 
, .. 
12.7 
58.11 
56.5 
51.4 
61.8 
&1.0 
(2 .2 
(1.7 
(2.9 
61.8 
58.S 
(5.7 
45.1 
(o.s 
38.( 
(1.5 
51.( 
58.6 
eo.2 
61.8 
59.2 
59.S 
58.4 
K 
n .( 
lU 
13.( 
...... 
1'.1 
creased with the rate of entry of the lighter liquid and decreased as 
the angular velocity of the bowl increased. Successive additions of 
the lighter liquid showed decreasing mixing, indicating great sta-
bility of the boundary once it has heen established. The turbulence 
caused by the first addition of the lighter liquid is greater 'the 
smaller the amount of the denser liquid already present. 
It was not possible to determine directly the amount of mixing 
under the final conditions chosen for clay separations since these 
involve incomplete filling of the bowL However, the maximum pos-
sible mixing is readily examined using the standard depth of 
denser liquid and sufficient ~ater to fill the bowL At 20,000 r.p.m., 
using 165 m.l. of one to four glycerol water as the denser liquid, 
t he passage of sufficient water through the machine to give 100 
m.l. of effiuent carried along only two to two and one-half m.L of 
the lower liquid. The use of only thirty-five m.L of lighter liquid, 
the amount of clay suspension used for the most exact determina-
tions, would certainly cause less mixing than in this experiment. 
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The method of terminating the sedimentation is naturally of great 
importance. Since the usual downward fl ow of liquid on atopping 
the maehine Is likely to disturb the sediment on the wall of the 
bowl, various displacement methods were tried, as follows: 
1. The entire eontents of the bowl were displaced with a glycerol-
water minure beavier than the lower layer. 
2. Sufficient of a heavy glycerol.water mixture was run In ' to 
form a viscous layer near the wall and displace the lighter 
liquid. Then this liquid w:aa displaced upwards by a more 
dense glycerol-water mixtura. 
S. A viscous layer was fanned at the wall as in 2 ; the machine 
was then brought to rest and the liquid flowing out quickly was 
added to that displaced by the lirst addition. The viseous 
layer ftl?wed out slowly and eontained a little sediment from 
the wan. 100 mJ. of ten to one glyeerol-water was used.· 
In eaeh use the estimation was earried out on the unsedimented 
portion by making up to standard volume (800 m.L) and taking an 
aliquot (50 m.1.) for evaporation and ignition. The first seetion of 
Table V gives eomparisons of these methods and also replicstes 
of the same method to give an idea of the general reproducibility. 
The general soundness of the method has been tested by varying 
<a) the viscosity of the denser layer, (b) the depth of the clay 
layer, (c) the concentration of the clay suspension. These com-
parisons are given in the second, third and fourth sections of Table 
V, respectively. 
TABLE vn. MECH.'Jo"ICAL ANALYSES OF CLAY f'RACTlOI"S (Icn!ted hula)" 
J>Jdn'm . !II lam Co..", ,!II l am 
('02 )1 0." 2-.' )I . 5- .1)1 . 1-.02 \1 <;'02)1 . 
"'" 
2-.5 JI .5·.1 II .1-.0'2)1 
". 
, .. 
,. , 31.0 IS.S 18.1 27.1 , .. 38.0 18.1 10.1 SS.2 
, .. n.t 14.S 15.0 31.S 8-12 44.4 18.5 lS.0 23.1 
5·10 U.T IS.8 21.1 2S.4 12-18 44.9 11.9 11 .S 25.5 
IO · H SU 18.0 22 .0 21.4 IS-22 20.9 18.3 18.9 43.'i1 
H-18 23.1 19.0 11.4 40.5 22-30 1'.S 20.0 U.4 48.0 
18-22 18.5 11.4 21.2 42.11 SO·40 22.7 lB . I 11.1 42.1 
22-28 21.$ 11.2 17.0 U.S 40·411 23.S U.S 13 .2 41.11 
2S_30 28.1 IS.S 17. \I 311.8 4\1·82 SO.O 34.5 .., 2S.2 
SO-1( " .. 20.5 15.9 37.2 34_S$ 28.0 IS.S lB.1' U.S 
U -42 27.1 IS.1 21.4 S7.2 
4%-4e 2$.1 15.3 22.0 se.t 
n ·$2 28.1 IS .' H.S 45.7 
52-58 . 2U 11 .1 U., U.S 
58-at 25.1 18:3 11.2 41.' 
" M ptrHllt"P' oil ... "' ..... two micron equlv&l .... IU fr,cUca. 
- -
• 
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The Putnam B (1930) sample used in these preliminary experi-
ments is the same clay sample that was used by MarshaU in an 
earlier fractionation of Putnam clay with the two layer method(37). 
He also compared this sample with different tube centrifuges and by 
the pipette method with the tube centrifuge in 1936. These results 
with those of the investigator for another tube centrifuge and the 
Sharples centrifuge are summarized in Table VI. 
Te, was the machine used in the 1929-31 experiments (37, 89). 
It held six fifty m.l. tubes and its normal range of 2,000 to 4,000 . 
r.p.m. was extended to 5,600 r.p.m. for the fifty millimicron fraction . 
X, = 6.37 crn., X. -7.93 cm., X. _ 14.1S em. 
TC~ was an improved type specially built by Baskerville and 
Lindsay, Manchester, England, which held four fifty m.l. tubes and 
gave a range of speeds from 1,000 to 10,000 r.p.m. X,-4.19 em., 
X.~S.68 cm., X,=11.01 em. Values of X" X., and XI refer to the 
two layer method. 
Te, was an International type with speed range 600 to 2,000 r.p.m. 
carrying eight 100 cc tubes. X,-16.65 em., X3=18.20 em., X.>=26.S5 
om. 
S, was the Sharpless machine arranged fo r drive by a D.C. motor, 
giving a useful range of 12,000 to 36,000 r.p.m. X,-1.280 em., ~-
1.4.77 cm., X.-2.190 cm. 
In the pipette method various values of X, were chosen and the 
depth of sampling was 2. cm. below the surface. Instead of 5 mt 
as recommended by Steele and Bradfield (61) only 1 mt. samples wer e 
taken from each tube. 
IIi making comparison of different methods in Table VI certain 
limitations should be borne in mind. With both tube centrifuges the 
1936 results are somewhat higher in the coarser fractions than the 
1930 results. This was ascribed at the time to the effect of long 
standing on the stock hydrogen clay. · It was concluded that dis-
persion became slightly more difficult. The 1939 tube centrifuge 
results also indicate that something of this kind occurs. However, 
it does not show in the 1939 Sharples method. Here it must be 
remembered that the determination of the two micron to two tenths 
micron fraction by this met hod may be scarcely justified since it 
involves a very short time. It ia possible that in the Sharples there 
is a disper sing action as the suspension enters the rapidly rotating 
bowL If this is true it does not proceed beyond the size distribu-
tion in the 1930 results. 
In general the agreement between the· various methods is good. 
The pipette method gives results comparable with those obtained 
in the tube centrifuge and with careful attention to temperature 
control is probably reliable down to twenty millimicrons. How-
ever, such advantages of the Sharples two layer method as the 
shorter time of rotation and the possibility of preparing definite size 
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fractions by a single operation make it particularly suitable for the 
study of clay fractions between one-tenth and one-hundredth of a 
micron. 
B. Ultramicroscope s tudies of day fractions. 
Two fractions of Putnam carefully prepared by the Sharples two 
layer method were examined in the slit ultramiscr05cope. The mean 
equivalent diameter of a two-tenth to one-tenth micron faction' aa 
determined from the density of the clay, the concentr ation of the 
suspension, and the total number of partides present in a given 
quantity of sol, was 157 millimicrons. Marshall(42) had previously 
studied the same size fraction of this day prepared with the two 
layer method in a tube centrifuge and found a diameter of 114 
millimicrons as compared to the calculated va lue of 18S millimicrons. 
The higher value found in the present instance than that in 1981 
may be attr ibuted to a more exact separation of the fr actions in the 
Sharples method. The value higher than that calculated indicates a 
deviation of particles from spherical shape. Some particles may not 
have been counted . 
Attempts to extend the observations t~ , the fine r fr actioD have 
shown that below one-tenth micron in the sli t ultramicroscope many 
particles are not counted, presumably because they ar e thin plates 
in an unfavorable position with respect to- the incident light, or 
because of insufficient illumination. In a cardiod ultramicroscope 
under good Illumination Marshall has found it possible to count prac-
tically all partides down to fifty millimicron equivalent diameter 
(42). His ultramicroscopic studies of the one-hundred to fifty 
mill imicron frac~ion prepared above indi cated it was composed of 
plate like particles averaging about four-hundred-seventy millimi-
cr ons acrosa and fifteen millimicrons thick. 
C. Electron microscope studies of clay fractions. 
Electron micrographs of fou r fractions from each of two different 
clay samples are reproduced in Figures 2-9. The decreasing 
particle sizes anticipated from the sedimentation velocities of the 
particles are apparent in fractions of both samples. The aaeymetry 
of the particles is very striking as is their predominatingly plate like 
ahape ahown by the penetration of the particles by the electron beam. 
The assymetry of the particles dimensions observed seem to de-
cr ea!e with the equivalent aize. 
Theae qualitative observations of the photographs f urnish inde-
pendent evidence of the soundneas of the procedure outlined above. 
The two-tenths to one-tenth micron fraction , Fig. 2, believed from 
ultramicr oacoplc data to be composed of particles assymetr ical In 
shape is definitely shown to be rather thin plate like particles with 
ir regular outlines in the plane of th e" plates. The two to one-half 
micron fraction , Fig. 6, prepared with the two layer tube centri-
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Fig. 2. Putna.m, 1930, 
. 2·.1 p, 16,600 X. 
'. Fl&,. 4. Putnam, 1930,· 
.05· .02 jl, 15,500 X. 
" 
Fl&,. 3. Putnam, 1930, 
.1.·.05 p, 15,500 X • 
1, 
Fig. 5. Putnam, 1930, 
(.02 p, 15,500 X. 
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• 
• 
• 
1p 
~
• 
Fig. 6. V. P. '5, 2- .5p 
6,100 X. 
1, 
Fig. 8. v. P. ' 5, .1 - .02p, 
15,500 X. 
1, 
Fig. 7. V. P. ,S, .S-. 1p 
7,100 X. 
1, ----="-~, . 
Fig. 9. V. P. 15,(,02r . 
15,500 X. 
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fuge method, after the less t han two micron fraction had been 
segregated by repeated sedimentations under gravity with the siDgle 
layer method, shows marked evidence of contamination with par-
ticles of much finer sizes. Since these particles are in most cases 
apparently well dispersed it would seem that some of this contami-
nation is probably due to the incomplete removal of t he supernatant 
suspension from the centrifuge tube, t hough some of these particles 
may be carried down by the larger particles. Their presence tends 
to confirm the suggested reason why ultramicroscopic studies of 
particles prepared with the two-layer .tube centrifuge method ac-
tually gave size values below the ones calculated, while from the 
shapes of the particles they were expected to give higher values. 
A number of particles were measured in each of the fractions 
greater than one-tenth micron equivalent diameter. The very small 
particles in the two to one-half micron fraction were not measured, 
since they are obviously extraneous to the size fraction. In this 
coarsest fraction the largest and smallest diameter of each particle 
were measured while in the smaller fractions two measurements 
were made only when t he ratio of the longest and shortest diame-
ters was greater than two, otherwise a mean diameter was recorded. 
Of course these measurements refer only to the dimensions in the 
plane of the plates in most cases, since the particles orient them-
selves parallel to the supporting films. The average diameter of 82 
particles in the two to one-half micron traction, Fig. 6, was 1.03"" 
about one· fourth of the particles showed axial ratios of two or 
greater, and 80 per cent of the particles were between .2 and 1.75 '" 
in diameter. The sparse distribution of particles in the upper size 
r anges here is probably due to incomplete fractionation at the upper 
size limit wit h the use of only six sedimentations. The presence 
of many smaller particles has already been mentioned. The one-
half to one-tenth micron fraction of t his same sample, Fig. 7, showed 
from measurement of 159 particles an average diameter of .44 I" 
and 80 per cent of these were between .08 and .88 ",. A measurement 
of 280 of the particles from the two-tenths to one·tenth micron frac-
tion of the Putnam 1930, sample showed an average diameter of 
.26ft and 80 per cent of the particles were between .08 and .40 po. 
The high average values of the last two fractions correspond with 
their assymetrical shapes as shown in two directions by these 
measurements and evident in the third dimention by their transpar-
ency to the electron beam. 
D. Mechanical Analyses of Clays 
After mechanical analyses of the soil samples the fraction of 
each less than two microns in equivalent diameter was segregated 
by repeated sedimentations under gravity in a constant temperature 
bath. Dispersion and decantation was repeated six or seven time9 
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for each sample. These less than two micr on fractions were con-
centrated by flocculation with calcium chloride, electrodialyzed to 
produce the hydrogen clays, and titrated with sodium hydroxide to 
again form the sodium saturated clay suspensions. Estimations of 
the amount of les9 than one-half micron material in these clays 
were made with the two layer method in the tube centrifu&,e (S7) 
and the umples were fractionated at this point by the same proce-
dure. The fraction! produced were waahed five times in the tube 
centrifuge to remove the glycerol, usin&' calcium chloride to keep 
them flocculated, then electrodialyzed and redispersed as previously. 
The proportion of lesa than one-tenth and less than two-hundredths 
micron sizes was determined on the le99 than one-half micron frac-
tion using the newly developed two layer method with the Sharples 
centrifuge. Subsequent fractions were also prepared by this method 
according to the general procedure outlined above. The mechanical 
analyses for fractions less than two microns are expressed in Table 
VII aa percentages of that fraction on an ignited basis. 
Sig1tiMO,1tU of Siu DistributiMI. in the Clay Fra.ctio1l8 
The data in Table VII show a concl:\ntration of material at both 
ends of the clay range of particle sizes in most of the samples 
examined. Studies of particle size distribution of minerals most 
commonly occurring in clays have shown (23, pp. 229, 262) that 
kaolinite, most illites, and quartz occur largely in the coarse clay 
fractions while montmorillonites and some illites occur in the finer 
size fractions. The size distribution of these less than two micron, 
clays would therefore suggest that they are probably composed of 
a mixture of mineral groups. 
A summarization of the quantities of the total clay and its in-
dividual size fractions in the upper forty inches of each soil profile 
was made in order to calculate the 8ize distribution of the total 
clay in this part of the profile. Putnam slit .loam showed 25.9. 
17.2, 18.7, and 38.2 per cent of the total clay to occur in the 2-.fif'" 
.5-.1f" • . 1-.02f'" and <.02.u clay fractions, respectively. Cowden silt 
loam contained 24.15, 18.6, 16.1, and 40.7 per cent of these fractions 
in the same order . These size distributions are very similar to that 
of the 42-46 inch and the 40-49 inch layers of the Putnam and 
Cowden pr ofiles. respectively. The figures suggest that the clay 
being formed during Boil formation is of a similar size distribution 
throughout the soil. No closer approach to unweathered parent 
material is ' p08sible in the Putnam profile because of the under-
lying Kansan till. The 49-62 inch .layer in the Cowden soil is . 
still In a loessial deposit and its size distribution might indicate that 
the aize distrlbution of the parent material showed more of the 
coarse clay fractions. This conclusion i8 open to some question, 
because only about the upper forty inches of this profile are be-
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Jieved to have developed from Peorian loess, while this deposit is 
separated from the Illinoisan till by a Sangamon loess sheet(58) 
whose properties have not been so closely studied as the former. It 
seems clear however, that the clay being formed contains a large 
proportion of fine clay. 
The mechanical analyses of the clays were recalculated on the 
total soil basis and are shown in Table VIII. Exmination of the 
profiles here indicate that most of the increase of total clay previ-
ously noted in the subsoil, fifteen to thirty inches, is the result of 
an increas~ in the less than one-half . micron size fractions. The 
surface fifteen inches of t hese soils show less clay in these fractions. 
There is some indicatioJ). 'in the mechanical analyses of Tables . I , II, 
and VIII that some movement from the surf ace to the subsoil hori-
zons has also occurred in the two to one-half and five to two micron 
fractions of the two soil profiles. 
TABLE VUI. AMOUNTS OF CLAY SEPARATES POUND IN PUTNAM AND COWD EN SILT 
LOAM PROFILES 
10-14 
••• 
.., 
••• 
", 16-22 
••• 
, .• 
••• 
17.8 
14-18 .. , ... 
'" 
17_1 22-30 8.0 . .. , 
'" 
21.0 
18-22 10.7 10.0 12.2 24.8 30-40 
••• 
.., 
••• 
1M 
2:-28 ll.O 
••• 
.. , 22.7 40-49 ", • •• ... 15.4 26-30 11.1 
••• 
, .. 16.5 48-52 • •• 
'" 
.. , 
••• 30-34 
••• 
'" ••• 
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••• ••• 
13 .6 
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Part IV 
CHEMICAL AND MINERALOGICAL STUDIES OF 
CLAY FRACTIONS 
The day fractions prepared as described above were next BUb-
mitted to examination in an attempt to deduce their mineraloaical 
composition. Base exchange capacity, ignition loss, density, elec· 
tries! double refraction, index of refraction, and X-ray diffraction 
studies were made on the individual size fractions and some standard 
clay mineral samples. 
A. Base exchange capacity. 
An approximation of the base exchange capacity of each frac-
tion was obtained by titrating a known amount of the hydrogen 
day with standard sodium bydroxide to an end point with pbe-
nolphthalein. After standing for at least twelve hours the titration 
was completed. This procedure gives values somewhat h igher tban 
the neutral ammonium acetate method. The r esults are shown in 
Table IX. The average values for each size fraction are very 
similar for the two soils and show a considerable increase in ex-
change capacities with decreasing sizes. The coarest clay fractions 
have capacities that are low to moderate, the finest fract ions show , 
very high values and the intermediate fractions have m:o"aerately 
high base exchange capacities. 
TABLE IX. BASE EXCHANGE CAPACTrT O F CLAY FRACTIONS. (M aUWequl.'rI..l'D~ 
per 100 , ...... of ""I0Il 417 eil.f. Oetermill«! tI7 IItnllort with aod.!"", bJ<lro>d<le 
to. pH 01. L5-ul 
P..tn&". .lIt '""m Cg!rskp. 1111. k>a,m ,.,.. 
"'''' .(;O2!! ". 2 • . $!! .S· .I !! .1- .02e Q11! '". 2_.5 1! .S-.II! .I_.OJ!! ,., 
" 
.. 
" " 
, .. 
" " " " , .. 
" " 
.. 8_12 U ..
" 
'00 
8_10 
" " 
., 
" 
12_18 
" " 
..
10·14 
" " " .
te_l1 
" 
..
" '" H ·le 
" 
., 
" 
.. "-,, 
" 
., 
" '" 11·22 
" 
., ~
" "'-" 
~ .. 
" '" D ·" ..
" 
n 
'" 
40-4e 
" " 
.. 
'" 2S· S0 
" " " '" 
( 8.80 
" 
..
" 
.. 
3O.S4 
" " " 
.. 
S4·sa 
" " " '" 
A~er.,. 
" " " 
iiiO 
31·42 
" " 
.. .. 
42·(S ..
" " '" (8·51 
" 
.. .. .. 
~·U 
" 
.. 
" 
.. 
..... 
" 
.. 
" " Ann,. n ., .. ii 
Previous workers have found tho base exchange capacities of 
clays to vary with their mineral content and size di!tribution(23). 
As mentioned above the size distributions tend to be characteristic 
of each clay mineral and as a r esult it is generally agreed that each 
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clllY mineral has a rather characteristic range of base capacities. 
Kaolinites have low (3-15 ) m.e.) , illites moderate (20-40 m.e.), and 
montmorillonite high (60-100 m.e. ) base excbange capacities, accord-
ing to Grim (23). Quartz has no base exchange capacity(84) and 
halloysite has been variously reported although most available figures 
show it to be low. Some more or less amorphorus materials such as 
permutit, certain soil claya, ground soil clays and minerals are re-
ported to have high base exchange capacities (84, 35, p. 105, 40) . 
The base exchange data on the Putnam an~ Cowden clay fractions, 
like the size distribution curves, indicate a mixture of clay mineral 
groups. Those having low to moderate exchange capacities are 
concentrated in the coar sest size fractions. 
E. Ignition loss. 
Porti ons of the clay suspensions were evaporated to dryness in 
porcelain crucibles and dried to a constant . weight in an oven held 
at 110°C. These samples were then heated to the constant welght 
at about 800°C in an electric furnace and their loss in weight deter-
mined. These losses expressed as percentages of the ignited weight 
were listed In Table X. The losses 'are chiefly water losses, but 
also include any organic materi'als and some changes in oxidation of 
the clays occurred. Some of the c!~ys from the surface soils showed 
a sUght dark color even after the double treatment with hydrogen 
peroxide in the dispersion procedure used. The ignition losses of the 
coarse fraction ranged from five to hn per c'ent, while finer sizu 
showed vaater losses varying from about twelve to eighteen per 
cent with losses of a few samples running slightly higher. 
TABLE X. 1G.""ITiON LOSS or CLATS, 1l0"_1IQOOc (Ipted t..al.) 
1>utNo!!! lilt I9"!!! C?wdM lilt l2'm 
"'" ~02)! "". ". 2_.S)! .5_.1 ~ .1_.02 ~ '". ' _. 5 )! . 5_.1 ~ .1 •. 02)! 5::02 I! ,. , 
'-' 18.0 15.4 n.s , .. '-' 12.8 11.8 18.3 , .. ,., 12.' 15.8 1t.1 8_12 ... 15.5 111.1 17.' 
6_10 '-' 17.4 IS.1 21.5 12·1S '-' 12.2 11.6 10_14 , .  IS.II IS.S 15.5 18_22 •. , 14.6 14.7 11.2 
14_11 
'-' 15.8 14.8 11.0 22_S0 .., 13.8 IS.:!. 13.11 
1t_i1:2 10.1 111 .0 111.1 15.8 ,,~, .. , 1S.4 14.1 11.1 
22_:M 10.3 IS.S U.S 15.S 40-411 .., 14.2 11.1 11.0 
ze_so .., 15.S H.S 13.1 ..... U 14.4 15.0 U.S 
)(I_S4 
'-' 13.' 14.4 IS.1 SoI·sa 
••• 
~ .• 15.' 13.9 
JI-43 ••• IS.O 14.0 11.1 42-48 .., U .• 14.8 12.0 
48_52 .. , IS.' U.1 U.S 
52_81 
••• 
12.2 IS.II 12.8 
58·M 
••• 
IS.I • 5.0 14.4 
Dehydration curves of minerals commonly occurring in soils have 
been studied and their water contents correlated with crystal struc~ 
ture(S5, 21, 84) . The hydration also varies with the particle size. 
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Percentages of water commonly reported loat between llO°C and 
ignition temperatures, on the ignited basil, are 12.-17. for kaolinites 
(liS) , 17.-22. from halloysites (54) , 20.-80. with alJophane (54) , 5.7-8.2 
for iIlitel (21 ) and about 1.0 per cent for quarb (33 ). The dehydra-
tion figures reported for the montmorlllonitea have varied from 2.li -
18 per cent(55). Caldwell and Marshall have recently reviewed the 
literature on the nontronite and aaponite members of this group 
and reported a detailed study of a sample of each. They noted 
that dims of these minerals, formed by evaporation of clay SUI-
pe.nsions, held more water at llO°C than if they were pulverized 
before drying. Thil they attributed to strongly held dim structure 
water. They found nontronite and laponite clay IiIIll.8 held 21-29. 
per cent water at no°c, on an ignited basia. 
It wal apparent from this literature review that the ignition 108lee 
would be of relatively little value in deducing the mineralo,ical 
composition of the present clay fractions. The samples were dried 
from luspensions and probably were affected by film formation. 
However, the low ignition losses of the two to one-half micron frac-
tions indicated that if quartz and illite were present in large pro-
portions they would be expected in this fraction. 
C. Densities. 
The spec.iftc gravity of the potalsium saturated clay suspenslone 
were determined by systematically mixing measured amounts of 
dilute clay suspensions with a concentrated potassium mercuric 
iodide solution in varying proportion until the density of the clay 
was found to be equal to that of a solution hr intermediate in den-
sity between two solutions of known density (89). Entrapped air 
was carefully removed from the suspeneiona with a vacuum pump 
before centrifuging . . ·The values are probably correct to ±.OS and 
since the clays are fI~cculated durin, the measu~ment they rep-
resent mean values for the fractions. 
Densities of the clay minerals given in the literature are not al-
ways in arreement. Those ·determined 88 above have been chosen 
particularly here in order for the values to be directly comparable 
(S9, 14) . Values found are, kaol inite 2.68-2.61, IiaHoYlite 2.0-2.2, 
montmorlllonites and ssponite 2.1-2.3, beidelli te 2.80-2.45, nontronlte 
2.45-2.51, illite 2.55, quartz 2.65, aUophane 1.85-1.89, cristobalite 2.8. 
Illite values are not available In the literature by the potassium 
mercuric iodide method but seven fracti ons of illite examined showed 
densities of 2.61-2.76. 
Examination of the densities of the clay fractions given in Table 
XI showed a decrease with partlele size. The bigber values of the 
two to one-half micron f r actions indicated a greater proportion of 
one or more of the minerals illite, quartz, and kaolinite. The low 
densities of the finest fractions suggested a larger quantity of the 
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TAIL! Xl. D£NSlnES OP CLAY Fft.4.CTlONS-
P!I\nam ttl! loam CQ!'!I'D lilt 'reT 
~ ... 
, .. 2_.5 P .~_.I ... 1_.0J ~ <02~ -". 2_.& ~ .5_.1 ~ . I _ .O~ ~ $2 ~ ,. , :1.411 2.41 2041 2.18 , .. 2.60 2.49 2.13 2.41 
, .. US .. '" 2.41 2.10 8_12 2.13 .. '" 1.3\1 2.23 1_10 2.511 •. « 2.41 2.18 12 _1$ 2.13 U2 Ul 
10·14 Ul 2.411 ~ .... U2 I&-U U8 .. '" 2045 2.30 14_11 .... 
.. '" US t.U n· .. .. ~ 1.'11 1.42 .. " 11_22 , ... 2.n • . ti 2.31 ..... .... 2.411 2042 2.21 
21-21 •. " 2.4& t.41 2.25 .. ~. 2.85 ,.'" t.U •. ti 28_30 •. " 2.45 2.41 2.30 411_80 .. " .. " 2.48 .... 
..... 2055 .... 2.41 2.30 
S4-Sa .... . ... 2.41 2.30 
S8_U , ... J.n 2. 111 2.32 
41 · 48 U5 2.44 2.16 2.S0 
.&_51 1.511 US 2.41 l.U 
n ·5I US .. ~ 2.45 2.U 
..... MS U. 2.41 2.33 
halloysite, montmorillonite, beidellite, cristobalite, and aUophane 
a-roup, while the intermedi.ate size groupe may be more equal mix-
turee of light and denaer minerals or predominantly of the beidel-
Ute, nontronite and ill ite minerals. 
D. Indices of r efr action. 
. Flakes were prepared from the aodlum aatutated clay suspenllons 
by allowing them to evaporate at room temperatures. When the 
samples were approximately air dry they were placed in des8icator8 
over thirty·three per cent aulphoric acid and held at 28.±1.0°C for 
about ten days. IndeJI: of refraction measurements were made at 
room temperature, with white light, after immersion in a set of oila 
prepared according to the directions given by Kaiser and Parrish 
(82). The indices of these oils were checked twice using white light 
and an Abbe refractometer with Amici prisms. The beta·gamma in-
dex was determined for the samples shown in Table XII. Some hydro-
gen clays were also included. While t he values for these were 
rather consistently higher than those for the sodium clays, the 
possible significanee of the figures cannot be assessed at this time. 
'The accuracy of the determinations has n ot been adequately studied 
but is believed to be about ± .010. Some of the sodium clays showed 
different values of gamma on different or the same flakes. This was . 
due partly to a variation of orientation. Some flakes gave good ex-
tinctions and the difference in indices eould be noted on r otating the 
microscope stage. In other cases it Beemed a partial dehydration 
had ocurred in the cork sealed vials where the samples were held 
for several days while making the determinations. Part of this 
variation noted may have been due t o an irregular trapping of water 
in the tUm structure during formation of the flakes. Where theee 
variations were noted a range of index values is given. 
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TA BLE XIl . INDEX OF REFRACTlO~ (GAMMA) OF :!iOllIlIM SATURATED CLAY FLAlC..ES 
L"IOILS 
Pl!W,m lilt iAAm C9wden lilt IAAm 
"". 
Do", 
, , .5-.1 ~ .1_.0: !:! .02 ~ ", . 5_.1 l:! .1-.021:! ~02 I! O. , 1.5&5 1.555 1.547 O· • 1.587 
.. '" 1.550-l.57&X 1.57&X 1.510" 1.583" 1.Ml5" 
, .. I .Ml5 1.551 1. 5-43 11_12 1.565 1.553_1.54' 1.U4 
11 · 10 u.l1 I .sn 1.5s& 12-1& I .HII 1. 5311 
10_14 1.511 I .M3_ t .UII ..... 111_21 1.571_1.55' 1.511 1.5n 
1.5U" 1.572" 1.HV: 
14 · 18 1.513 1.511 1.551 n-30 1.572_1.5ee 1.548 
1.595" un" 1.5a," 
18_22 1.574 1.585- 1.558 1.535 '0-100 • 
12-.28 1.575 1.5047 40_H 1.802_1.581 1.583 1.537 
1.1110" U8$" 1.U4x 
211 · 30 1.572 _1.558 1.561_1.510 1.548 411 _82 1.512 1.56& 1.5'5 
'0_'4 1.555-1.543 1.512 - 1 .5~ 1.547 
34 -38 1. 5&5 ..... 
1.567z . 1.5'''' 1. 5-4&" SI_U U6$-USO 1.545 
42 _48 1.565 1.5-4 8 1.M S 
411·51 1.512 1.531 1.5-48 
52_58 1.585 1.5a4-1.5SO 1.538 
58-44 1.502_1.578 1.5047 
1.60s" un" 1.56-4" 
x Hyd!"Ol0n ela.ys. 
Grim (22) has recently tabulated optical constants f or the clay 
minerals and Engelhardt (17) has listed a iTeat many values for 
speciftc samples of different clay minerals. The followi ng optical 
values are given by Grim: kaolinite, n = 1.559-1.570, D.R.=.006; 
montmorillonite, n=1 .500-1.580, D.R.=.085-.025 ; beidellite, n = 1.580-
1.560, D.R.;:::.036-.026 ; nont ronite, n=1.560-1.610, D.R.= j(l30-.080 ; 
ill ite, n = 1.565-1.605, D.R.=.08S-.020; halloyslte, n= 1.549-1.561, n.R. 
very slight; hydrsted halloysite, n= 1.526-U542, D.R. very aHa-ht ; 
allophane (amorphua). n=1.470-1.496. n .R. ia the double refraction 
or birefringence and n refers here to the gamma index of the bire~ 
frins-ent minerals. Caldwell and Marshall(l4) have listed values 
for saponite, n= 1.490-1.529, D.R.=.00S·.042. They f ound valUe! of 
D.R. for nont ronite of .088-.047. Their work indicated that the indices 
of refract ion and the birefringence varied only slightly with particle 
size of saponite or nontronite. 
The clay f r actions in Table XII showed a gener al decrease In the 
high index of refraction with decreasing size. Comparison with 
values above indicated that a good portion of the coarser clay mitht 
be illite, nontronite, or koalinite, while the fine r clays c~talned 
more beidellite, montmorillonite, saponite, halloyaite or mixtures 
of clay nJnerais with hither Indices and allophane. I t was noted 
in making the index measurements that all these clays showed high 
birefringence (.020-.040), but, no attempt was made to determine the 
birefringence' exactly by index determinations. This would eliminate 
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halloysite and allophane as prominent const ituents. All tl.akes on 
which observations were made showed a negative optic sign and 
2 V varied from ve,;y small to more than 400 • 
E. Electrical double refraction. 
A quantitative method for orienting colloidal clay suspensions in 
an electric field and measuring their electrical double refraction 
while so arranged, has been described by Marsball(38, 89). He 
concluded the. orientation of hydrogen and calcium saturated claya 
was practically ·complete at relatively low voltages (500-800 v /cm) 
while sodium, lithium and potassium clays did not approach a con-
stant value with increasing voltage in this range. Concentrations of 
the suspensions affected the values somewhat in the range studied 
(1.0 to 0.2 mill igram per milliliter). This method had not been 
fu rther investigated and values for different clay minerals, the 
changes with their particle size, concentrations, voltages, and e:t~ 
changeable cations were not available. However, this method aeemed 
to offer considerable promise ·of giving more accurate, reproducible, 
and easily obtained double refraction values for the claya than the 
methods in common use. 
ln a preliminary study of the method at the University of Ill inois 
it was f ound desirable to constr uct apparatus for these measure-
ments to circumvent the effects of heating on double ref:ractlon of 
the cell, avoid effects of differences in concentrations of suspensions, 
and permit use of higher voltages to orient sodium clays and those 
with very small particle sizes. A ceU about 7.5 centimeters long, 
arranged for continuous flow of suspensions, and application of 
voltages up to 6000 v /cm has been devised. Accurate measure-
ments of the double refraction of clay suspensions containing ten 
to twenty micrograms of clay per milliliter can be made and even 
sodium saturated P utnam clays approaching 20 millimicr ons equiva_ 
lent diameter can be oriented fai r ly satisfactorily. No eft'ect of 
concent ration of the suspensions on the electrical double refraction 
bas been noted between ten and one-hundred-tifty micr ograms per 
milliliter. Measurements of the retardation of white light were made 
with a Berek compensator. This apparatus was used in the study 
o·f the clay fractions prepared for these studies. 
The effect of particle size, exchangeable cations and applied 
voltages on values found for one of the clay samples in this in-
vestigation are shown in Table XllI. These results showed that 
even some of the finest fr actions when 8aturated with sodium seemed 
to be approaching a complete orientation at the higher ·voltages. 
·The hydrogen samples showed complete orientation at low voltages 
regardless of t he particle size. This confirmed the observations of 
Marshall already referr ed to. Satisfactory measurements were 
difficult to obtain on the coarsest clay f ractions because of consid-
erable scattering and depolar ization of the light beam. 
82 MISSOURI AGRICULTURAL EXPERIMENT STATION 
TABLE XlII. EFFECT OF SIZE, EXCHANGEABLE CATION, AND 
VOLTAGE ON ELECTRICAL DOUBLE REFRACTION 
OF A CLAY SAMPLE FROM COWDEN SILT LOAM 
(Sample !lumber 1(080) 
.0057 
.0152 
.02 
No 
H 
No 
H 
.0224 
,0219 
.DiU 
.0346 
.0246 
.1)220 
.0183 
.0362 
.0280 
.0228 
.0222 
.0366 
.0292 
.0236 
.0232 
.0384 · 
.0287 
.0247 
.0236 
.0385 .0320 
TABLE XIV. ELECTRICA L DOUBLE REFRACTION OF CLA Y FRACTIONS 
OF PUWAM S!LT LOAM 
"''''' 2-.5\, .5-. 1 P .1_.02 P <02 )I ". 
K" . K" H H. H N. H N. 
.- , .0062 ,0258 
,- , .oon .0348 .0274 ,0321 .0209 .0252 .0209 .0199 
8_10 . ..,. .0256 
10- \<1 .0100 .0314 .0285 .0348 .0280 .0296 .02~ .0222 
14_18 ... , .0312 
18_22 .0107 .0221 .0263 .0291 .0290 .0287 .DSli .0238 
22_26 
.0128 ,0305 .0354 .0369 .0346 .0304 
26_SO 
.0125 .0330 ,0286 ,0317 .0334 . .0288 .0384 .0253 
30_34 .0112 .0312 
34-38 .0112 ".0330 .0333 .03 24 .0352 ,0313 .0318 .0255 
38_42 .010<1 .0324 
42_46 ... , 
.02S0 .0322 .0320 .0331 .0285 .OS56 .0255 
46_52 .0084 .0290 
52_58 .0006 .0294 .0297 .0340 .0320 .0292 .0358 .0241 
58_64 . .", .0300 
' The K·elay T1l1~S were run at 1000 v./om., In,. slatlOll2ry liquid cell. Other values 
.e .... determined at 4000 ¥./em. In allowinr liquid cell. 
TABLE xv. ELECTRICAL DOUBLE REFRACTION OF CLAY FRACTIONS OF COWDEN 
SILT LOAM 
".,~ 2-.5 u .~-.l u .1_.02 fl <02 p 
". K" 
'" 
H No H No H N. 
.- , .0057 .0282 .0288 .0312 .0%73 .0243 .0316 .0324 
6_12 
.0050 '.0250 
12_16 .0058 .0292 .0290 .0320 .0349 .0318 
16_22 ... , .0308 .0388 .0270 
22_30 .0093 .0284 .0319 .0318 .0354 .0352 .0<125 .0217 
30_40 .OOB1 .0271 .0296 .0340 .0239 .0298 .0365 .OU7 
40-49 . .." .0272 .0297 .OUS .0351 .0357 .0398 .0273 
49_62 .0065 .0280 
'The K clay nlu ...... ere run at lOCO Y/cm., In a Slatlono.ry liquid cell. other nlues 
.er. determine<! at 4000 "/em. In a llo'lrlng liquid cell. 
RESEARCH BULLETIN 386 S8 
Studies of the electrical double refraction of clay fractions from 
the Putnam and Cowden soil profiles were summarized in Table XIV 
and XV, respectively. The two to one-half micron fractions were 
found to be reasonably well oriented at 1000 volts per centimeter 
and large differences between these values and those for the other 
fractions are very significant. Replicates of measurements on sev-
enty-five per cent of the less than one-half micron fractions gave 
values within ±.0015 of the mean values shown. A few samples 
showed a variation of as much as ±.006 for the hydrogen systems 
and some flocculation was noted in some of those giving lowest 
values . 
.The electrical double refraction of ground quarti in water sus-
pensions was found to be about .006 and values for the clay minerals 
investigated are shown in Table XVI along with other of their 
properties. Measurements on these clay minerals were made by the 
same methods employed here for the soil clays. The purity of these 
mineral samples will be discussed in the section on X-ray studies. 
T~BU: XVI. PROPERTIES OF SOME LESS THAN ONE MICRON CLAY MINERAL SAMPLES 
Ml .... rOl 
Ilfdrated HalloY8lte 
Itaol.lnlte 
""" MOIIUnort\lonli. 
N""lrOlilt. 
Eo<clwll:e Ig1Ittion 
Capaclty° 10 ... 
1l0·eooo c 
m.ejlOO ,""5. 
11.2 21.0 
.. , 14.5 
111.1 8.5. 
7$.0 10.1 
53.S 10.0 
Imd .. o! £I.ctrtca.! Oouble a.· 
Dowty Refraell.... fraotl .... (4000 ~jem.) 
£XClwlsnbl. Cau"" 
(Gamma) H Na 
2.32 1.55 0 • .005D+ .011.2 
2.61 1.5U .0057+ .~. 
2.70 1.000 .0303+ .11311 
2.25 1.528 .0211 .01113 
2.43 1.588 .0197 .01110 
• DetermlJII.tionally I. B. Fehrenbacller. EO<CbanCe ca.padti .. Wer e determlned.1Iy Utn._ 
tlon with iIOdI.", hydroJllde to pi( 8.5_11.0 (ph.lIOlphtha.le in) and densltie. in pota.llum 
mercurie lodidol .fOlutions . > 
• Som. flocCulatton wu noted "'\11 theae ...."plu &nd 1110 doubtfw .. beth • • zna>dm~m 
Tal"". we •• obtained . 
•• Pa.rtlOlIy d.bydrated before measure",ent by th. procedure ""ed. 
The lower values of electrical 'double refraction of the coarsest 
clay fractions indicate a greater proportion of quartz, kaolinite, or 
halloysite minerals in this fraction while the high double refraction 
of the finer clays seems to eliminate these minerals as prominent 
constituents- and suggests the presence of t he illitic and montmoril-
lonitic groups of clay minerals. Tbe general slight increase in elec-
trical double refraction of the hydrogen clays with decreasing 
particle siw, below one-half micron, may indicate a somewhat larger 
minor proportion of kaolinite, halloysite, or quartz in the coarser 
sizes. The lower values for the surface samp"ies of both profiles 
may indicate similar differences in mineral content. However, the 
lower values for the less than one-tenth micron surface soil clays 
was associated with a darker color in these samples, presumably due 
to incomplete removal of organic matter. The high electrical 
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double refraction of even the finest clay fractions is definite proof 
of their crystalline character. 
Properliu oj s&me cla-y mineral sa.mples.-The base exchange ca-
pacities, ignit ion losses, densities, and indices of refraction found 
for the clay mineral samples st udied, Table XVI, agree reasonably 
well with the ones cited above. The density and indeX of refraction 
of the nontronite sample indicate it is toward the beidellite end of 
this group. Hydrated halloysite had a moderate base exchange ca-
pacity intennediate between the ranges given for kaolinite and illite 
by Grim(2S). 
To evaluate the implications of the electrical double refraction 
measurements it was necessary to examine 'the conditions under 
which the measurements were made. Kaolinite, nontronite, mont-
morillonite, and illite oriented with the high index: parallel to the 
electric field which is' at right angles to the path of the polarized 
light used in measuring the retardation of the suspension. The 
other two indices were free to orient at random and the value 
measured was the difference between the high index and a mean 
value of the other two. It had been shown by Wiener(2) that 
double refraction may arise from parallel orientation of rod or plate 
shaped particles, in a medium of different refractive index, even 
though the individual particles are isotropic. That this effect did 
not enter into the above measurements was shown by several con-
siderations. The birefringence of the suspensions did not change 
appreciably with the index: of the immersion liquid, or concentration 
of the suspensions, as would be expected from the formulae given 
by Wiener for this phenomenon. No such parallel orientation was 
expected from the electrical orientation of the particles described 
above unless the plate like particles were elongated along the 
gamma index of the sheet. E'lectron microscope pictures of these 
clays do not show any appreciable assymetry in the planes of the 
sheets, except for the nontronite sample and this one did not show 
abnormally higb values of electrical double refraction even con-
sidering the rather large amount of quartz and cristobolite present. 
Finally there was no additional orientation in the plane of the 
sheets due to the Bow of the suspension because a measureable 
double refraction was not apparent without the electric' current and 
values with current and liquid flowing were the same as those made 
'when the liquid ~as at rest. 
The values of tbe electrical double refraction anticipated from 
the above described orientation and birefringence of the minerals 
given in the literature were: kaolinite .003, nontronite .015-.018, 
montmorillonite .012-.018, and illite .015-.018. 
The equation for calculating the electrical double refraction was 
,d 
E.D.R. --, where r was the retardation of the light beam in 
wi 
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centimeters, d was the density of tbe c.1ay, w equalled the weigbt of 
clay in grams per milliliter, and 1 the length of the cell which was 
constant. To evaluate E. D. R. it was necessary to evaluate the 
other three variables for each sample. The retardation was mea· 
sured by an accepted standard procedure but choice of the units for 
the two remaining variables was more or less arbitrary. Densities 
for the clays were determined in potassium mercuric iodide and 
the concentrations used were weights of ignited clays per milliliter 
of suspension. The density determinations might give values, 
compared to those determined on a llO°C basis, that would be about 
five per cent too low and sln.ce Caldwell and Marshall (14) have 
shown some clay flakes can contain twenty to thirty per cent of water 
at UO°C the concentrations used in the calculations would be 
about twenty·five per cent too low. The net result of these two 
alteration in the calculations would give a value about twenty 
per cent lower then that given in Table XVI. This showed the 
nontronite and montmorillonite values to be well within the range 
expected. The slight divergence noted for the kaolinite can easily 
be due to a very small proportion of impurities having a high 
birefringence. . 
The case of illite was somewhat different. Substitution of values 
for muscovite in the formula in place of the illite values increased 
the density about five, per cent and the concentration by a similar 
proportion so the calculated E. D. R. remained about the same. The 
explanation for this difference between the calculated and measured 
E. D. R. was not clear. Hydration of the particles in suspension, 
contamination of the sample with a minor proportion of a highly 
birefringent material like hematite, or a greater difference between 
muscovite and illite in this optical characteristic than had previ-
ously been suspected, could any or all have played a part. If this 
latter were true then the failure to note this previously might be 
due partly to imperfect orientation in th~ flakes used for assessing 
the optical properties and partly to a failure to consider their 
porous nature in calculations of the birefringence. It should be 
noted here that Hellman et a1.(28) have reported a hydration of 
some illite samples that showed an accompanying expansion in the 
crystal lattice. Grim and Rowland(24) concluded from thermal 
analyses that illites examined showed a loss of 'planar' water below 
two hundred degrees centigrade. Both of these observations in-
dicate that considerable hydration of the illite particles is possible. 
Halloysite has occasionally been observed in the past to be slightly 
birefringent but values have not been given, in the literature. The 
tiny rod like particles in random orientation may have prevented 
previous measurement of the birefringence. The actual birefrin-
gence measured here could not be interpreted without further infor-
mation concerning the orientation of the electrical and optical 
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ellipsoids with respect to the shape of the particles. The r od like 
shape of the particles, shown by electron microscope pictur es of 
this sample, after dehydration of the high vacuum, would indicate 
a strong possibility t hat a Wiener form double refraction could also 
enter Into the measurements. The siin of the electrical double 
refraction measured here WA!I the same as f or the other clay minerals 
studied. Further work will be needed to clarify this situation. 
F. X-ray studies. 
About one-half of the clay f r act ions, distributed throUihout the 
soil profiles, were investigated with x-rays. Roentgen rays from a 
Philips Metalix, iron target tube, operated at about 23,000 volts , and 
15 milliamperes, were used throughout these investigations. The 
rays were filtered through collodion films containing powdered 
manganese dioxide to render them nearly monochromatic and thus 
simplify interpretation of the diffraction patterns. 
Powder and fibre diffraction patterns were both obtained f or 
aome of the samples and the results recorded here, Tables XVII, 
XVIII, are summaries of information from both techniques. P owder 
patterns were produced in a circular camera of 6.85 centimeters 
radius and the pulverized samples were mounted in the f orm of a 
wedge at the center of the camera. The wide range in intensities of 
characteristic diffractions from differe nt samples of a given clay 
mineral, or within a group of isomorphous clay minerala, and the 
variations with particle size and aggregation, together with technical 
difficulties of mounting samples uniformly, and operati ng the x-ray 
equipment without variation of the radiation intensity, make this 
technique only approltimstely quantitative. Of course the recording 
of results is subject to the usual limitations of photographic repro-
duction. Visual compar ison of intensities of diffraction lines were 
made with a sca le prepared ss suggested by Hanawalt et a1. (26) 
and the cameras were calibrated with sodium chloride. Diffraction 
angles representing Interpianar apacings down to 1.0 angstrom 
could be recorded in the cameras used. 
Oriented samples were prepared for the fibre patterns by allowing 
clay suspensions to dry at r oom temperature on a fiat surface. F lakes 
of the a ir dried clay about .15 millimeter thick were then cut with a 
razor blade into str ips .about one-hal! a millimeter wide and mounted 
with the fiat surfaces of these strips· appr OXimately parallel and 
their lona axes perpendicular to the x-ray beam. The types of clay 
patterns obtained with this technique and Its advantages have been 
discussed by Clark et al.(15). Photoaraphs were recorded on a 
tl.at film perpendicular to the beam whose center was five centi-
meters from the sample. The measurements of diffraction spacings 
with this arrangement· are less accurate than with the cir cular 
camera and intensities depend OIl the deiTee of orientation of the 
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clay within the flake. Difficulty is experienced in the coaraer clays 
due to further fractionation on evaporation, i. e. quartz is eoncen-
trated in the lower surface of the clay flakes. Diffraction spacings 
of less than 3.2 angstroms were not recorded with this technique. 
All samples were investigated after t r eatment with beta naph-
thylamine hydrochloride although some were also studied prior to 
thia treatment. GieaeK.ing,19) has shown that this t reatment in-
creases the basal spacinlS of the montmorillonite type of clay min-
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eraI and greatly fntensitl.es the diffraction from these planes. He 
also reported that the water content of the sample had no significant 
effect on the (0, 0, 1) spacings after saturation with the large 
organic cations. Gieseking and Nelson(20) found this treatment of 
artificial mixtures of a montmorillonite with an illitie and a kaoli· 
.nitic clay permitted detection of the presence of the former when 
present as less than five per cent of the total sample. Increasing 
the basal spacings also makes differentiation of montmorillonitic 
from ilIitic clay minerals relatively easy. Oriented samples were 
treated with beta naphthylamine after first air drying the flakes, 
since its addition flocculates the clay and prevents orientation if 
used previously. 
Interpretation of the x-ray data was facilitated by comparison 
with patterns of fairly pure air dried samples of montmorillonite, 
kaolinite, hydrated halloysite, and illite. AU samples were less than 
one micron in equivalent diameter and patterns were taken under 
similar conditions. The firat three are believed to be quite pure 
although the montmorillonite may contain a smsll quantity of quartz, 
approximately ftve per cent. The illite sample, DS 48, was reported 
by Bray(ll) to contsin seventy-five per cent iJlite and fifteen to 
twenty per cent of montmorillonite clays. The x-ray patterns show 
some quartz, possibly ten per cent. A nontronite, from Woody dis-
tr ict in California, was least satisfactory, x-ray diffraction indicated 
the presence of about fifteen per cent cristobalite, approximately 
fifteen per cent quartz, and ponibly some goethite. The montmoril-
lonite, obtained from a Wyoming bentonite, was used for interpre-
tations of this group of clay minerals. 
The principles enumerated below were followed in interpretation 
of the x-ray diffraction analyses: 1) x-ray patterns of individual clay 
minerals wer e assumed to be recor ded independently of other mem-
bera of the mixture. 2) Unless some evidence to the contrary was 
available a diffraction spacing was not interpreted as belonging to a 
given mineral unless more intense diffraction lines characteristic of 
that mineral were also present. S) The following spacinK"s were 
taken as characteristic of the mineral or groups of minerals 
IIsted (26) . 
Clall minmu.-4 .• 5-•.• S, ! .56, 1.50 AO.-These spacings are common 
to the miea, montmorillonite, and kaolinite groups. They were 
used as evidence of the presence of the clay minerals shown by 
the powder diffraction data where b_asal spacings were not ap-
parent. This was partieularly true in the clay fractions of less 
than one-tenth lI)icron equivalent diameter. 
Cmtobolit6-4.04A 0. 
Feldapar---J.!5-$ .!0 A o. 
Goethit6-.t.!l, 1.-'5 AO.-Identification is doubtful in the presence of 
quartz. 
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lUit&-lO.O, 5.0, 3.33 AO.-The latter spacini' is eharacterutle in the 
absence of qusrtz or on fibre patterns where orientation i8 
apparent. These spaeings are relatively weak when compared 
to kaolinite and montmorillonite basal spacings. Probably at 
least ten per cent of illite must be present before it is detectable. 
Hellman et aJ. (28) reported that between thirty and forty per 
cent of hydrous mica had to ~ present when mixed with a 
montmorillonite before Ita basal spacing was recorded. 
Ko.oUn.it.-7.1, 3.59 AO.-The x-ray powder pattern of hydrated hal-
IOY81te taken by the author after air drying 8howed a basal spac-
ing of 7.67 A" which is approaching 'that of halloysite(l7). 
This change was also indicated by the index of refrsction of this 
sample, Table XVIII. 
Quartz-4 . .fS, 3.35, J .8f A".-The 3.35 A" spacing must be present 
but in the presence of micas is discounted accordingly. Fibre 
diagrams show Uttle orientation of quartz but orientation of 
micas. ' 
Montmorillonit,. Ufttreated, U.6-U.4, 3.U. AG.-Treated with beta 
naphthylamine, 15.a..17.8, S.14 AO. An attempt was not made to 
completely saturate each sample with the organic cation and 
this probably accounts for some of the variability in the basal 
apacing after treatment. Measurementa in this rsnge on the film 
are relatively inaccurate and could account for much of the 
variation. T he third and fifth orders of the basal spacing of the 
montmorillonite sample were indistinct before t reatment an~ 
the fifth remained indistinct even after t reatment. The inten-
sity of the third order after t reatment was about one-tenth 
that of the first order. The third a nd fi fth orders of the basal 
spacing of t he nontronit e sample were not observed before or 
after treatment of the sample. The S.14 AO' line was much 
lel8 intense for the nontronite than in the montmorillonite 
sample used by the investigation (Account was taken of im-
purities in the sample8) Subatitution of Fe or Mg for Al in the 
montmorillonite lattice has been noted by Nagelsehmidt(47) to 
decr ease intensities of the third and tifth order basal spaefnr 
diffractions. Intensities of first order apscinga recorded by him 
varied considerably with air dried materials. He also noted that 
the 3.1 4 A" spacing was much less intense for nontronites and 
beidellites than for montmorillonite!. 
Since the patterns used as standards f or lnterpretina- the x·ray 
patterns of the soil clays were from samples recognized to be quite 
pure and well crystallized, the interpretations of quantities present 
probably indicated minimum quantities. This was indicated by the 
failure to identify 100 per cent of any sample. The tl.gures given 
show which minerals ' were definitely identitl.ed in the samples 
studied and give an idea of the r elative intensities observ~d. 
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The x-ray analyses definitely showed the coarsest clay fraction of 
both soils to be composed largely of quartz with a mixture of 
smaller quantities of the kaolinite. illite, and montmorillonite clay 
mineral groups. Feldspars were noted only in a few samples. Least 
of the day minerals were inoicated to be present in these fractions 
of the surface soil samples and most in the B horizons. Powder 
diffraction patterns of the five to t wo micron fractions f rom these 
soils showed the presence of a large proportion of quartz "and feld-
spar with a minor proportion of clay in all samples" 
The five-tenths to one-tenth micron f ractions contained little 
quartz although 80me was present in all samples examitl.ed. In this 
fraction the clay minerals predominated and a ll three groups were 
r epresented" Below one-tenth micron no quartz was definitely 
identified and kaolinite "was identified only 'ln the surface sample of 
the Cowden profile. Illite was definitely identified in only a few 
of the samples altbough the low intensity of its dif fraction pat-
tenn would be expected to prevent recognition of small quantities. 
The basal spacing ·of the montmorillonite group was found con-
considerably broader in the soil clays than for the standard sample. 
The 1.50 A 0 diffraction, common to and of approximat"ely equal in-
tensity for all three day mineral groups (26), remained of about 
equal intensity to this spacing for the standard clay mineral samples, 
although there were slightly more diffuse due to the smaller par-
ticle size, in all the less than one-tenth micron samples examined 
using the circular camera. The persisteqce aad intensity of this 
diffraction iudicated that these fine clay fractions were predomi-
n antly crystalline in character. The basal clay spacing of mont-
mor lllonite was more diffuse than in the coarser samples and 
considerably broader in the soil clays than for the standard sample. 
The percentage estimates of this clay actually decreased in the 
leu tban one-tenth micro!). f ractions, compared to the next coarser 
fraction, although it was practically the only mineral identified in 
the finer clays and would have been expected to increalje in intensity 
accordingly. 
Since the three prismatic spacings common to all three of the 
clay mineral groups were the most intense diffractions " shown by 
the powder patterns of the fine clay fract ions it would seem these 
minerals would be the most likely constituents present. An ex-
planation for t he absence or low intensity of the basal spacings was 
therefore sought. A number of possible explanations were sug-
gested. Firstly, a mixture of these clay minerals could explain the 
strong diffractions common to all and give weaker diffract ions for 
spacings they did not possess in commOD. The f act that les8 than 
twenty per cent of the material present was definitely identified 
makes it seem unlikely that two or three rroups of clay minerals 
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could supply the remaining substance and all groups still be present 
in quantities that could escape detection. 
Secondly, isomorphous substitution in the montmorillonite group 
has been reported to give a decreased intensity of the basal spac-
ings by Nagelachmidt(47), and Grim and Rowland (24) have 
reported that samples classified as beidellite showed very poor 
x-ray diffraction patterns indicating only that they contained a 
small amount of a montmoriIlonite clay. The latter authors inter-
preted differential themal analyses of these clays as indicating a 
mixture of halloysite, illite and montmorillonite clay minerals and 
hydrated ferric iron oxides. The evidence they present does not 
seem convincing for the· presence of illite, since one sample con-
tained only traces of potassium. Their curves for pure rulnerals 
might indicate that a predominantly montmoorillonite constituent 
would account for the initial endothermic peak and third endothermic 
peak which they attributed to halloysite. If this montmorillonitic 
mineral were intermediate in composition between montmorillonite 
, . 
and nontronite it might also account for the three endothermic peaks 
attributed to nontronite or ferric iron oxide, illite, and montmoril-
lonite. However, this would still leave the weak basal spacings un-
explained. 
Thirdly, the presence of substances 'preventing orientation of par-
ticles parallel to the basal spacing might be a potent factor influ-
encing the fibre diagram intensities and such action has been at-
tributed to the presence of organic matter and free iron oxides by 
Hendricks and Alexander (29). Since organic matter has been largely 
destroyed in these samples by a double treatment with hydrogen 
peroxide and since subsurface samples contained little organic 
matter to begin with this factor would seem to be a minor one 
here, but, the presence of free iron oxides could well influence 
orientation if present. The H.O, treatment might well contribute 
to a basal splitting of the micaceous particles (16) tending to decrease 
the intensity of basal spacings in this size range and effect the 
prismatic spacings much less. Any tendency for a decreased 
assymetry of the particles in the finer sizes wo~ld result in less 
perfect parallel orientation of the basal spacings in the fiakes. 
Lastly, there is the possibility of additionsl clay mineral species 
being present. In this connection it should be noted that MarshaIl 
(39) has previously reported evidence of a mineral intermediate in 
refractive indices and density between beidellite and feldspars in 
a sample of Putnam clay from Missouri. Bray(12) has suggested 
and presented some indirect evidence for the. occurrence of beidellite 
and illite clay minerals in the same particle in soils related to Cowden 
in Illinois. Several investigators have suggeeted(25, 29, 28) and 
presented some evidence indicating the existence of mixed lattice 
minerals produced by more or less random interleaving of sheets of 
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members of the kaolinite, montmorillonite, and illite clay mineral 
groupa. Hendricks and AJexander have noted sueh an occurrence in 
soils and suggested that it is rather eommon in occurrence {l, 29) , 
Gruner reported ODe sample of vermiculite, which he suggests has 
such a structure, where this random stackini of layer s waa appar~ 
ently 80 irregular that no basal spacing waa observed (25 ). He sug-
gested the name 'metacrystalline' for 8ucb a group of minerals. 
Total non-exchangeable potassium analysts of three fraetions 
f r om a surface sample of Putnam silt 108m at Columbia, Missouri, 
showed the presence of 2.79, 2.88, and 1.42 per cent of 1(,.0 in the five 
to fwo micron, two-to two-tenths micron, and less than two-tenths 
micron sizes, respectively. This occurrence of non-exchangeable 
potassium in the tine f r actions of P utnam and Cowden silt loams has 
likewise been r eportE'.d by Bradfield (5), and Bray (12). These 
chemical analyses support the x-ray evidence of some illite in the 
tine clay fractions. The occurrence of a 'metacrystalline' mixture 
of illi tic and montmorillonitic clays such as described above might 
account for the high base exchange capacity, birefringence, refrac-
tive indices, densities and x-ray patter ns of the fine clay fractions. 
More definite criteria for the recognition of such a mixture ar e 
necessary before this can be any more than a SUigestion to explain 
the observed facts. Thermal analyses of these fractions after care-
ful examination of fractions of standard samples of nontronites and 
beidellites might throw considerable light on the composition of 
these clays. It might be that combinations of some of the above 
factors account for the observed properties and other s unsuspected 
at present may also contribute. 
G. Discussion of studies of clay fractions. 
The results of the day studies indicated a remarkable similarity in 
pr operties of each size fraction throughout both soil prOfile!. Dif-
ferenees between some of the size fraction! were very marked. The 
electrical double refraction and x-ray patterns showed that prac-
tically the entire clay fraction was composed of crystalline minerala. 
The electron micr ographs, Fig. 8-10, did not show easily differen-
tiated mineral species and the scarcity of laths or fibr es indicated 
no appreciable quantity of halloysite, saponite, or attapulgite. 
Even kaolinite, shown to be present In the coarser fraction! by 
the x-ray studies, did not display its sharply angular shapes indicated 
by microaTaphs of the pure clay mineral samples. 
The two to one-balf micron fractions were found by x-ray analyses 
to be composed largely of quartz, with a small amount of feldspar, 
and a mixture of kaolinite, illite, and montmorillonite clay mineral 
groups. The densities, low electrical double refraction, low to 
moderate base exchange capacities, and small ignition losses are 
aU in accor d with these conclusions. The electrical double refrac-
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tion, base exchange capacities, and x-ray patterns indicated a 
s lilhtly greater proportion of clay minerals in the two to one-half 
micron fractions of the clay pan hor izons than above or below them 
in both profl.les and also indicated a greater proportion of quartz- in 
the aurface samples. 
In the five -tenths to one-tenth micron fractions the high electrical 
double refraction, slightly lower deD!itles, higher ignition losses, and 
indices of refraction are fairly consistent with the presence of small 
quantities of Quartz, and a large proportion of clay minerals ot 
the kaolinite, illite and montmorillonite group shown by the x-ray 
diffraction patterns. The high base exchange capacity indicated a 
gTeater proportion of the montmorillonite group and the fact that 
the sum of the minerals estimated by x-ray patterw was consider-
ably below one hundred per cent W8I!J consistent with this suggestion. 
The hilh electrical double r efraction milht indicate a greater pro-
portion of mica but too little information is yet available for this 
property of standard clay minerals to reach a definite conclusion. 
Base exchange capacities were also in harmony with a somewhat 
gTeater proportion of the montmorillonite group .in the subsurface 
horizons, indicated by the x-ray analyses. 
Bt:low one-tenth microns equivalent diameter the x-ray diffraction 
analyses showed the presence of a little illite and some of the ex-
panding lattice group of clay minerals. The high base exchange 
capacit ies, high electrical double refraction, indices of refract ion, 
high ignition loss and even the poor x-ray diffraction patterns were 
consistent with the published data for what has been r eferred to as 
beidellite. H owever, what the real structure and mineralogical sl,-
nificance of this name implied was not clear. Decreasing size showed 
decreaaing indices of refraction and increasing base exchanle ca-
pacities. Further work is needed to clarify the structural meaning 
of the mineral beidelli te and the 'suigestions made under the x-ray 
studies only indicate some of the poseibilities. 
SUMMARY AND CONCLUSIONS 
Profiles of two soil types of the' planOl\ol great soil group, geo-
gTaphicalIy situated in northeastern Miasouri, and southwestern 
illinois, were characterized by a laboratory study of their color, 
mechanical analyses, volume weiahts, total carbon, base Buhanle 
capaeities, t otal exchangeable base!", and exchangeable sodium. Re-
sults of these studies when compared with the pUblished and unpUh-
liahed analyses of these soils showed that the pr ofiles selected for 
study were r epresentative of Putnam and Cowden silt lokm. The 
chief differences found between the Putnam and Cowden protUes 
were a higher clay, base exchanie capacity and carbon content of 
the Putnam silt loam, particularly in the clay pan horizan which 
lVas a prominent feature of both soils. Tn:!ae soils were developed 
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from shallow loess deposits overlying glacial drift and a mixture of 
these two deposits was shown to have occurred throughout the 
Cowden profile and to a Jesser extent in the lower portion of the 
Putnam soil. 
An examination of the soil formation factors for the most likely 
explanation of the difference in total clay content of these soils 
indicated that parent material was probably the dominating factor 
involved. Calculations, ba!,ed on certain assumptions, indicated that 
at least a considerable part of the high clay content of the clay pan 
horizons was due to the movement of clay within the Boil profile 
in addition to that fonned in place. A loss of clay was shown by 
the surface horizons and a gain occ.urred in the subsoil. The full 
extent of this movement could not be stated without a complete 
mineralogical analysis of the samples. The calculations gave only 
minimum values. 
A new procedure for quantitative mec.hanical analysis and frac-
tionation of fine clay fractions was developed. The validity of 
this method was established by comparison with other centrifuge 
methods, plus ultramicroscopic and electron microscope studies of 
size fractions prepared by its application. This adaptation of the 
two layer method to the Sharples supercentrifuge was used in the 
investigation of the less than one-half micron fractions of tbe soil 
profiles. 
The size distribution of the total clay in the upper forty inches 
of the soil profiles, compared to subjacent horizons, suggested that 
clay formed throughout the soil had a similar size distribution with 
a concentration of material at both ends of the clay range of particle 
sizes. This latter feature indicated a mixture of mineral groups 
in the clay fraction and this was borne out by later investigations 
of the clay separates. The clay produced during soil formation 
showed a large proportion of the fine size fractions and the cla"y 
movement in soil development was found to occur mainly in the less 
than one-half micron sizes. A smaller amount of movement of the 
two to one-half and five to two micron fractions probably took place. 
Investigation of the clay fractions indicated a remarkable simi-
larity in properties of each size fraction from the same part of both 
soil profiles. Differences between some of the size fractions were 
very marked. The electrical double refraction and x-ray patterns 
showed that practically the entire clay fraction of the.se soils 
was composed of crystalline minerals. 
The coarsest clay fractions examined were found to be composed 
chiefly of quartz, with a little feldspar and a mixture of kaolinite, 
illite and montmorillonite groups of clay minerals. The clay pan 
horizons contained slightly more of the clay minerals in these coarse 
fractions than the surface soils which contained somewhat more 
quartz. The five-tenths to one-tenth micr on clays were composed 
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of minor quantities of quart:r and predominantly of a mixture of 
the montmorillonite, illite, and kaolinite clay mineral groups. The 
montmorillonite group appears to be somewhat more concentrated 
in thrs fraction of the subsurface horizons. 
Below one-tenth micron equivalent diameter the clays were shown 
to contain some illite and probably a major proportion of a member 
of the montmorillonite group. This montmorillonite mineral was 
indicated by its high base exchange capacity, higb double refraction, 
density. index of refraction and poor x-ray diffraction patterns to 
vary from tbe nontronite to the montmorillonite members of the 
group thus covering the range commonly assigned to beidellite. 
Several suggestions to explain the weak basal spacings. of the x-ray 
patterns were made but the actual structure snd purity of this 
constituent will require further clarification. ' 
It was concluded from this mineralogical analyses of the clay 
fractions and their distribution in the soil profile that one of the 
chief results of soil formation and development in these soils haa 
been the production of the clay minerals and their redistrib.utlon 
within the profile. This results in a pronounced horizon differen-
tiation. The properties of these horizons are largely dependent upon 
the proportions of the various size fractions present since these 
tend to parallel the differences in mineralogical composition of 
the clays. Mechanica] analyses in thi! group of soils is therefore 
of fu ndamental importance in their characterization and differ-
entiation. 
The .investigators have been repeatedly confronted during the 
coarse of these experiments with the need for more information con-
cernin~ standard clay minerals and the variations of their properties 
with particle size. Experience has emphasized again and aiain 
the necessity of utilizing all available methods in characterizing and 
interpreting the properties of soil claY8. 
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